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ABSTRACT: The oligopeptide transport system (Opp)Laictococcus lactiBelongs to the class of binding
protein-dependent ABC-transporters. This system has the unique capacity to mediate the uptake of peptides
from 4 up to at least 18 residues. Kinetic analysis of peptide binding to the binding protein, OppA*,
revealed a relationship between the peptide dissociation constants and the length of the ligand. The
dissociation constants varied from submicromolar for dodecapeptides to millimolar for pentapeptides.
This implies that the residues—.2 of the peptide contribute to the binding affinity, and, in contrast to

the current views on peptide binding by homologous proteins, these residues must interact with OppA*.
Analysis of pre-steady-state kinetics of binding showed that the observed differencesmb-\thbws

result primarily from variations in the dissociation rate constants. These results are discussed in relation
to the affinity constant for transport of these substrates. Overall, the data suggest that the slow dissociation
rate constants for the larger peptides are rate determining in the translocation of peptides across the
membrane.

The superfamily of AB&transporters mediates transport to date no function has been ascribed to this domain.
of solutes as diverse as lipophilic cytotoxins, inorganic ions,  The best-studied peptide binding proteins are those of the
carbohydrates, peptides, and othd)s A distinct class within dipeptide transporter (Dpp) dEscherichia coli(4, 8) and
the ABC superfamily is formed by the binding protein- the oligopeptide transporter (Opp) ®&imonella typhimurium
dependent transport systens ). Uptake by these systems (5 9—11). From the structural analysis of these binding
depends on the presence of a ligand-binding protein at theproteins (DppA and OppA), it is apparent that the prereg-
outer surface of the cytoplasmic membrane, which provides yjsites for ligand binding are an unmodified peptide backbone
specificity and, usually, a high affinity to the transport and a free amino- and carboxyl-terminus of the peptide. The
process. The binding proteins of peptide transport systemsside chains are accommodated in a maximum of five binding
consist of two major domains and one minor domaing). pockets that each has the capacity to harbor every type of
The binding site of these proteins is formed by a cleft amino acid side chain. Although some specificity studies
between the two major domains, which are connected by ahave been performed, the pre-steady-state kinetics of ligand
flexible hinge. Upon ligand binding, the protein undergoes pinding has not been studied for any peptide-binding protein.

a major conformational change, which results in closure of ABC-type (oligo)peptide transport systems are present in

the cleft and occlusion of the ligand. This binding mechanism
is referred to as the “Venus’s-flytrap” mechanisén 7). The
third domain is unique for the peptide binding proteins, but
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most if not all bacteria. The so far unique feature of the
oligopeptide transport system (Opp) lofictococcus lactis
relates to its capacity to mediate the uptake of oligopeptides
from 4 to at least 18 amino acid residud®)( In situ, the
substrates for the transport system result from the hydrolysis
of exogenous proteind §). As these peptide fragments range
in size from 4 to 30 amino acid residues, the Opp-system of
L. lactis may have evolved to allow the utilization of these
extremely long peptides.

In this paper, we report on the interaction of peptides,
ranging in size from 5 to 12 amino acid residues, that were
previously shown to be transported by OpplLolactis (12,

13), with the binding protein of the system. The specificity
of peptide binding was assessed by using native cationic gel
electrophoresis and intrinsic protein fluorescence, and they
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include the first pre-steady-state kinetic analysis of ligand
binding to this type of protein. The data obtained are
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brated with 100 mM KClI in buffer A. In both cases, OppA*
eluted from the column at 270 mM KCI when a gradient of

discussed in relation to the observed uptake kinetics asKCI in buffer A was applied.

described by Detmers et all2).

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmid$he plasmid pAMP21 was
derived from pGKOppAChis by replacing thecSpromoter
of Streptococcus thermophiliby the lactococcal p32-
promoter (Picon, A., Lanfermeijer, F. C., Kunji, E. R. S.,
Konings, W. N., and Poolman, B., unpublished results). The
coding sequence of OppA* was placed in frame with a
carboxyl-terminal factor Xa cleavage site and a 6-histidine
tag. Plasmid pAMP21 was transformed ittolactis AMP2
using electrotransformation. Strain AMP2 (Picon, A., Lan-
fermeijer, F. C., Kunji, E. R. S., Konings, W. N., and
Poolman, B., unpublished results) is isogenic to strain IM15
(14), except that th@ppAgene has been deleted from the
chromosome.

Cell Growth. L. lactisstrain AMP2/pAMP21 was grown
in 1/2xM17 Broth (Difco), pH 6.0, supplemented with 0.5%
glucose plus sug/mL erythromycin in a 10 L ADI 1065
fermentor (Applikon Dependable Instruments, B. V. Schiedam)
with pH control. Cells were harvested in the late exponential
phase of growth, washed twice with 25 mM potassium
phosphate, pH 6.0, and resuspended to ags§d ~500 in
the same buffer. Cells were frozen in liquid nitrogen and
stored at—80 °C.

Purification of OppA*.Frozen cells were thawed at room
temperature and incubated at 3C for 30 min, which

Remaal of Endogenous Liganeo-purified ligand, bound
to OppA*, was removed by immobilizing the protein to a
nickel-nitrilotriacetic acid (M*-NTA) agarose column. The
Ni?*-NTA agarose was equilibrated with 270 mM KCl in
buffer A, and the pooled fractions of the Resource S column
were loaded onto the Rii-NTA resin. Four column volumes
of buffer A, pH 7.5, plus 100 mM KCI were passed over
the column, and, subsequently, the column was washed with
40 column volumes of buffer A, pH 7.5, supplemented with
2 M guanidinium-HCI (Gdm). Next, the Gdm was removed
by decreasing the Gdm in the washing buffer in three steps
of 4 column volumes (1.5, 1.0, and 0.5 M, final concentration
of Gdm), followed by 8 column volumes of buffer A plus
100 mM KClI, pH 7.5. Finally, OppA* was eluted from the
resin using buffer A, pH 6.0, plus 100 mM KCI and 300
mM histidine-HCI. Approximately 7680% of the loaded
protein was recovered. Histidine was removed in a Bio-Rad
PD10 desalting step, and when necessary, the protein was
concentrated in an Amicon Centricon concentrator with a
molecular mass cutoff of 30 kDa. The protein was stable
for at least 3 months at 4C and at least for several days at
room temperature in MP-buffer (buffer A, pH 6.0, supple-
mented with 1 mM K-EDTA and 100 mM KCI).

SDS-PAGE and Immunodetectioilectrophoresis was
performed according to the method of Laemndlbf on a
Mini-Protean Il system (Bio-Rad). The discontinuous gel
system consisted of a 6% stacking gel and a 10% resolving
gel. Cross-linkage was 2.6% in both gels. After electro-

facilitated the breakage of the cells, possibly as a result of yhoresis gels were stained with Coomassie Brilliant Blue.

activation of lytic activity in the cell wall. Next, the cell
suspension was diluted 5-fold with 25 mM potassium

phosphate, pH 6.0, and KCI was added to a final concentra-

tion of 100 mM. The cells were broken by three consecutive
French press steps at 20 000 psi &4 After the first and
third step, phenylmethanesulfonyl fluoride in 2-propanol was
added to a final concentration of 0.1 mM. Subsequently,
MgSQO, was added to 10 mM, and the solution was incubated
with 100 ug/mL deoxyribonuclease type | at 3€ for 15
min. Unbroken cells and cell debris were removed by
centrifugation for 15 min at 110@0 The cell-free homoge-
nate was centrifuged for 15 min at 290@00and the

supernatant was collected. The supernatant still contained
nucleic acids, as was assessed by spectrophotometry. Thesg

polymers interfere with the purification procedure, and

Native Cationic Gel ElectrophoresisNative cationic
electrophoresis (NCE) was performed according to a modi-
fication of the method of Reisfield et all§). Briefly, the
discontinuous gel system consisted of a 4% stacking gel and
a 10% resolving gel in 0.06 M KOH-acetate buffers at pH
6.5 and 4.5, respectively. Polymerization was performed with
ammoniumpersulfate ard,N,N',N'-tetramethyl-ethylenedi-
amine, and the percentage cross-linking was 2.6% in both
gels. The electrode buffer was composed of 0.3%sla-
nine, adjusted to pH 4.5 with acetic acid. Protein samples
(2 uQ) in 10uL of MP-buffer were loaded, after the addition
of a small grain of Methyl Green tracking dye. Proteins were
separated by electrophoresis from the anode to the cathode
at a constant voltage of 100 mV.

therefore, the following anion-exchange step was included Stéady-State FluorescencEluorescence spectra were

in the procedure. A 10 mL Source 30Q column (Pharmacia)
was equilibrated with 200 mM KCI in buffer A (25 mM
potassium phosphate, pH 6.0, with 10% v/v glycerol) and

obtained with an Aminco 4800 spectrofluorimeter. A quartz-
cuvette contained 1 mL of an OppA* solution (6:8 uM)
in filtered and thoroughly degassed MP-buffer, which was

the supernatant was loaded. The column was washed withcontinuously stirred and kept at I& with a circulating

200 mM KCI in buffer A until the absorbance at 280 nm

waterbath. Emission spectra were obtained by excitation at

returned to the baseline value, where after the column was280 nm with slit widths of 2 nm. Effects of peptides on

washed with 400 mM KCI in buffer A. The flow-through
and the 200 mM KCl eluate were pooled (low-salt fraction).
As judged by Western blot analysis (data not shown), both
the low-salt fraction (approximately 70% of the final yield)
and the 400 mM KClI eluate (high salt fraction) contained
OppA*. Both fractions were diluted with buffer A to a final

fluorescence were measured by exciting at 280 nm with a
slit width of 2 nm and measuring the emission at 315 nm
with a slit width of 8 nm.

The binding curves were analyzed in three ways. First,
when theKj-values were at least five times larger than the
protein concentration, the changes in fluorescende) @s

KCI concentration of 100 mM and loaded separately onto a a function of peptide concentration were analyzed according

1 mL Resource S column (Pharmacia), which was equili-

to a hyperbolic binding equation:
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_ AI:maxl-

AF =—
KL+ L

(1)

where AF is the observed fluorescence at the peptide
concentratiorL, L is the total peptide concentratioAFmax

is the fluorescence change at infinite peptide concentration,

and Kj is the equilibrium dissociation constant. Second,
when theK'&-vaIues appeared to be smaller than the OppA*
concentration, the binding curves were analyzed by the
general equilibrium binding equatiorl®) for a binding
stoichiometry of 1:

AF = AF,

(1 + K5/Py + LIPg) — /(1 + KY/P, + LIPy)® — ALIP,
2

()

whereL, AF, AFna, andKj have the same meaning as
above and wherB, is the total protein concentration. Third,
when K(L,—values and the OppA concentration were in the
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Ficure 1: Kinetic model for the transport of a peptide via a binding
protein dependent transport system. Where E and EL represent the
unloaded and liganded binding protein, respectivelyahd L; are

the external and internalized substrate, respectively, and M refers
to the membrane complex. The species EL:M and E:M represent
loaded and unloaded binding proteins docked to membrane
complex, respectively. E:ML refers to the situation in which the
ligand is transferred to the membrane complex and the binding
protein is still docked. In Detmers et all?), E;L and EL
correspond to EL and EL:M. The following steps are discriminated
in the model: 1, binding of ligand to the binding protein; Il, docking

of the liganded binding protein to the membrane complex; I,
donation of the ligand to the membrane complex; 1V, translocation

same range, both procedures were applied, with the exceptiorf substrate across the membrane. The branch with the constants
that in the case of analyzing the data by the hyperbolic Ki1 and k'; provides an explanation for the sigmoidial uptake

binding equation, the free peptide concentration was used,kinetics (see ref.2).
and a reiterative fit procedure was applied. Both procedures ) _ .
gave very similar values, also when peptide binding was @nalyzed with the following equation:

analyzed at different protein concentrations (around and
above theKg ). Nonlinear least-squares regression was
performed with the program of SigmaPlot (Jandel Scientific
Software).

Rapid-Binding KineticsRapid kinetic experiments were
performed with an SX-17 MV Stopped-Flow spectrofluo-
rimeter from Applied Photophysics. The reaction cell path
was 1.2 cm, which resulted in a deadtime of approximately
1.7 ms. The volume of the reaction chamber was b0
Temperature was set at P&. The excitation wavelength
was 280 nm and emission was detected with a photomulti-
plier tube. A 305 nm cutoff filter was placed between the
reaction cell and the photomultiplier tube. The association
process was initiated by rapidly mixing equal volumes of
an OppA-solution (luM) and a peptide solution of the

desired concentration in MP-buffer. The dissociation process

was initiated by rapidly mixing 1 vol of a gM OppA*-
solution in MP-buffer, supplemented with the desired peptide,
and 5 vol of MP-buffer. In one experiment, three to five

separate traces for each peptide concentration were average
In case of the peptides

and subsequently analyzed.
SLSQSKVLP and RDMPIQAF, the association process was
analyzed according to the following equation:

AF = AF (1 — &) (3)
whereAF; is the fluorescence change at a given tith&¢q
is the fluorescence change at equilibrium, dggl is the

observed rate constant of the process, which is a function of

the associationk(,) and dissociationk(;) rate constants
according to

Kops = LKyq + K4 4)

wherelL is the concentration of the ligand. In case of the

peptide SLSQSKVLPVPQ, the association process was

AF = AF (1 — e ") — AF(1 — e %) (5)
whereAF; is the fluorescence change at a given time, and
AF; andAF; reflect the fluorescence change associated with
the fast and slow process, respectively. The constapis
andkopspare the observed rate constants of the fast and slow
process, respectively.

The dissociation process of the peptides SLSQSKVLP and
RDMPIQAF was analyzed according to

AF, = AF g " (6)
whereAF; is the fluorescence change at a given tifh&¢q

is the fluorescence change at equilibrium, dqg is the
observed rate constant of the process, which is also a function
of k- and ks (eq 4). Analysis was performed using the
supplied Biosequential SX-18 MV, version 4.22 Stopped-
glow reaction Analyzer analysis software from Applied
Photophysics.

Kinetic Analysis. A relationship betweean of the
binding protein for its ligand and thK, for the binding
protein dependent transport reaction is derived in this section;
the general description is given in the Discussion. The rate
of transport, under the conditions that the donation step is
rate determining (step Il in Figure 1), is given by

v=K. ,ELM (7

In this case, the transport intermediates left of the donation

step will equilibrate according to their equilibrium constants:

L_EL
d EL

—eL=EL

K
Ka

(8)
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EL-M KdEL-EL:M neglected. Then, by combining eqs 7 and 16, one obtains
Kit==ro=M=———— 9 the relation between, K} andL:
EL:M EL
k’+2Mt0tL

Kg represents the equilibrium constant for binding of the
ligand to the binding protein (equaks.i/k+1 in Figure 1),
and KSL represents the equilibrium constant for binding of
the liganded binding protein to the membrane complex
(equalsk2/k2 in Figure 1). Since it is assumed that both  protein DeterminationProtein concentrations of total cell
the liganded and the unliganded binding protein interact with |ysates were determined with the Lowry protein assay using
the membrane complex, M§-21), binding of Eto Mcan  povine serum albumin as standard. The concentration, purity,
be described by and stability of the purified OppA* were assessed by
£ EM measuring the absorption spectrum of the sample between
i EM (10) 240 and 340 nm on an Cary 100 spectrophotometer,

' assuming a calculated extinction coefficient of 1.605 (mg/

whereK? represents the binding constant of the unliganded ML)~ cm™* or 102 700 M* cm™* for OppA* (22).
_blnd_mg protein to the membrane complex (equalgk,, RESULTS
in Figure 1).
When two species are competing for the same binding site, Expression and Purification of OppAPlasmid pAMP21
as is the case for E and EL with M, the ratio of the bound was introduced intd.. lactis strain AMP2, which resulted

— (17)

K
K+ L
Kd

K

species is given by in a 5—10-fold overproduction of OppA (Picon, A., Lan-
. fermeijer, F. C., Kunji, E. R. S., Konings, W. N., and

ELM KgEL Poolman, B., unpublished results). Since OppA* lacks the
EM - wElo (11) lass Il signal peptide, the protein is not ted and d

E:M KEL.E class Il signal peptide, the protein is not exported and does

not contain the modification of the N-terminal cysteine that
anchors the wild-type protein to the external face of the cell

which rearranges to . X
g membrane. After breaking the cells and separating the

KEL-EL:M-E cytoplasmic fraction from the debris and the membrane
= = (12) fraction, the cytoplasmic fraction was passed over an anion-
Ka-EL exchange column (Source 30Q). Contrary to what was

i i ) expected (the calculated pl of OppA* is 8.7), part of OppA*
To obtain a relationship between M and L and E:M and 55 retarded on the anion-exchange resin. The flow through,
L, EL has been eliminated from eqs 9 and 12, using eq 8, compined with the 200 mM KCl eluate (low salt fraction),
which yields and the 400 mM KCI eluate (high salt fraction) contained
ELL — . approximately 70 and 30% of OppA*, respectively (Figure
— Kq Kg-ELM (13) 2). We speculate that this complex behavior of OppA* on
E-L the anion-exchange resin is due to interaction with other
proteins or nucleic acids, present in the homogenate. In this
regard, it is worth mentioning that “chaperone-like” activity
has been reported for homologues of Opp23,(24).
Although the anion-exchange step did not remove many
Because, s is relatively large, E:ML (Figure 1) willbe a  contaminating proteins, it added tremendously in the further

minor fraction of the total concentration of M, the molar PUrification by removing nucleic acids.

_ KE'KG-EL:M

EM
K5-L

(14)

fraction of EL:M can be given by The second step in the purification consisted of passage
of the Source 30Q-fractions over a cation-exchange column
ELM _ EL:M (Resource S). Under the used conditions, this step was very

My, M+EM+ELM (15) efficient; only OppA* bound to the column, and more than
98% of the loaded protein eluted in the flow-through. Both
By combining eqs 10, 13, 14, and 15, one obtains a the low- and high-salt fractions of the source 30 Q yielded

description of the molar fraction of EL:M as a function of OppA* that eluted from the resource S column at a salt

L: concentration of about 270 mM. The elution profile around
270 mM KCI (Figure 3A) displayed heterogeneity, which
EL'M = ML (16) manifested itself as a shoulder left or right of the main peak
KEL KEL or in extreme cases as two peaks. Analysis of the individual
K = Tt fractions by SDSPAGE (Figure 3B) and immunoblotting
Ka (data not shown) demonstrated that the two peaks correspond

Bl o to OppA*. NCE, on the other hand, revealed the presence

BecauseEtPe terl IE s likely to be small compared to  of at |east two protein species in each of the peak fractions
the term Ky /Ky, i.e., the concentration of the binding (Figure 3C). A slowly migrating species was dominant in

protein is assumed to be in the millimolar ran@g whereas  the first fractions, whereas a faster migrating species was
both theKj andK§" are estimated to be in the micromolar dominant in the later fractions. Incubation of the fractions
range and more or less similatg), the termKEL/E can be with the peptide SLSQSKVLPVPQ transformed the slow-
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FIGURE 2: SDS-PAGE of the various fractions of the OppA*- LT AR T RN
purification. Lane 1, cytoplasmic fraction, 1y of protein was
loaded; lane 2, source Q-fractior-200 mM KCI; lane 3, source 32 33 34 35 36 37 38 39
Q-fraction 206-400 mM KCI; lane 4, OppA* purified from the Fraction number
0—200 mM KCl-fraction; lane 5, OppA* purified from the 260 o o
400 mM KCl-fraction; lane 6, Gdm-treated OppA*. One microgram U SN o
of protein was loaded into lanes 4, 5, and 6. € 5§ £
D S @ (%)
- o - | I
migrating species into the fast-migrating one (Figure 3D). * *
This strongly suggests that the two species observed by NCE |l % _,|
are two conformations of OppA*: a liganded form (the fast- i, = S
migrating species) and an unliganded form (the slow- 33 33 38 38
migrating one). Finally, the overall procedure yielded Fraction number
approximately 2.5 mg of protein with a purity ef95% per FiGure 3: Analysis of the cation exchange fractions. (A) Elution
liter of cell culture (ORgo ~ 3). profile of the cation exchange (Resource S) column. The solid line

. . indicates the absorbance at 280 nm, The dotted line indicates the
Remeal of Endogenous Ligand he presence of liganded percentage of buffer B. (B) SDSPAGE of the peak fractions.

OPPA* was a major obstacle for f_urther Stud_ies. Therefc_)re, Eighteen microliters of sample was loaded; this corresponded to 1
the ligand was removed by partially unfolding OppA* in  ug of protein for fraction 37. (C) Native cationic electrophoresis

guanidinium-HCI (Gdm). The unfolding and refolding re- of the peak fractions. One microgram of protein was loaded. (D)
sulted in OppA* protein completely devoid of endogenous Native cationic electrophoresis of fractions 33 and 38. One
ligand and fullv active as iudaed by NCE (Fiqure 4). The microgram of protein was loaded. Protein samples were incubated
ga y acl judg y NCE (Fig )- TN for 5 min. at room temperature with and without 20®1 of the
Gdm-treated protein showed a red shift in the emission peptide SLSQSKVLPVPQ before loading.
spectrum when compared with untreated purified OppA*.
The increases in fluorescence at 315 nm, induced by theby Opp (2), and, as is shown for SLSQS, a partial mobility
addition of saturating concentrations of the peptide shift was observed at concentrations of 10 and 25 mM
SLSQSKVLP to both the untreated and Gdm-treated OppA*, (Figure 4B). Incubation of OppA* with bradykinin and
were 3 and 12%, respectively (data not shown). pentaalanine (Figure 4A) resulted in a reproducible, but less
Assessment of Peptide Specificity by MatiCationic pronounced, increase in mobility compared to the high-
Electrophoresisincubation of OppA* with various ligands  affinity peptides. This implies that binding of these peptides
revealed that certain peptides were able to induce a mobility either provokes a different conformational state of the protein
shift of the protein, whereas others were not (Figure 4A). or that the extent of the mobility shift is affected by the type
Moreover, the capacity of peptides to induce the shift of peptide bound.
appeared to be concentration dependent. The peptides with Peptide Binding Obseed by Intrinsic Protein Fluores-
an apparent high affinity were SLSQSKVLP, cenceOppA* has a fluorescence spectrum with an emission
SLSQSKVLPVPQ, RDMPIQAF, and RDMPIQAFLLY; peak at 332 nm. Upon binding of high affinity peptides, a
these peptides already induced a mobility shift at a concen-blue shift of approximately 2 nm combined with an increase
tration of 0.1 mM. Other peptides such as AA, AAA, AAAA, in total fluorescence was observed (Figure 5). Binding of
KGGK, KYGK, GLGL, and YGGFL were unable to induce SLSQSKVLP (Figure 5A), RDMPIQA, and RDMPIQAF
a shift even at 1 mM. The peptides, AA and AAA, were not (data not shown) resulted in an increase in fluorescence be-
expected to cause a mobility shift as these peptides are notween 290 and 350 nm, whereas the spectra were nearly sup-
transported by Oppl@). The other peptides are most likely erimposable above 350 nm. Binding of SLSQSKVLPVPQ
low-affinity ligands of OppA, because they are transported (Figure 5B) and bradykinin (RPPGFSPFR; data not shown),
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Ficure 4: Peptide binding to OppA* as analyzed by native cationic electrophoresis. (A) Peptide specificity of OppA*. (B) SLSQS
concentration dependence of the mobility shift of OppA* on native cationic electrophoresis gels. In both panels A adoB piotein

was loaded. Samples of purified and Gdm-treated OppA were incubated for 5 min. at room temperature with the indicated peptides at the
indicated concentrations.

on the other hand, resulted in an increase in fluorescenceusage of eq 2 for the analysis of the concentration depen-
below 340 nm and a reproducible decrease above 340 nmdence of bradykinin binding (Experimental Procedures).

The ampli;ude of the fluorescence qhange at 315 nm was  Tpe low-affinity peptide SLSQS also induced changes in
concentration dependent for all peptides and could, conse-he emission spectrum, but as expected, high concentrations
quently, be used to determine the kinetic parameters for u¢ {he peptide were needed. For instance, addition of 500

peptide binding to OppA*. Thes-casein-related peptides M SLSOS i 100/
U QS induced a small, but reproducible€2% increase
SLSQSKVLP, SLSQSKVLPVPQ, RDMPIQA, RDMPIQAF, ‘ot the fluorescence at 315 nm. Moreover, 500 SLSQS

and the noncasein-related peptide bradykinin bound to. L %

OppA* with simple saturable binding kinetics (Figure 6). increased the appareiity of OppA* for SLSQSKVLP
- . . . from 2.0 to 2.9uM and reduced the\Fn. from 13.8 to

The binding constantsK(;), however, varied widely, i.e., 11.2%. These observations allowed us to approxima(b a

from 121uM for RDMPIQA to 0.1uM for bradykinin (Table for SLSQS binding of £3 mM, assuming that SLSQS and

1). The binding of SLSQSKVLPVPQ was analyzed both by . o<
the fluorescence decrease at 340 nm and quorescencegIE)ig*SKVLP compete with each other for binding to

increase at 315 nm. Both experiments yielded comparable
Kg-values The high-affinity binding of bradykinin allowed  Pre-Steady-State Kinetics of Peptide Binding to Opp.
us to determine the binding stoichiometry, which was 1.08 determine whether the differences in th&-values for

+ 0.08 peptide/protein molecule. This value justifies the SLSQSKVLP, SLSQSKVLP, RDMPIQA, and RDMPIQAF
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Ficure 5: Effect of saturating concentrations of peptide on the

intrinsic protein fluorescence of OppA*. Emission spectra were

recorded in the absence (solid lines) and presence (broken lines)

of 30 uM of SLSQSKVLP (A) and 1«M of SLSQSKVLPVPQ

(B) 0 -— 1 1 l 1
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are due to variations in the associatidn.f or dissociation [Free Peptide] (M)

(k-,) rate constants or both, we analyzed the time dependence
of both the association and dissociation process. The change 14 — T T T
in fluorescence due to the association of both SLSQSKVLP 12l A Y SIS S
and RDMPIQAF could be described by a single-exponential :
function. Data typical for the association of SLSQSKVLP 1
to OppA* are shown in Figure 7A. The concentration
dependence of the rate constants for these association
processes (Figure 8) allowed us to assesktheandk_;-
values (Table 1). Association of the peptide RDMPIQA to
OppA* was too rapid to be analyzed quantitatively. Even at
low peptide concentrations (2M: 0.5 x K}) the process
was completed for at least 95% within 3 ms, which was just L . : -
beyond the deadtime of 1.7 ms. This implies that the rate 0 2 4 6 8
constant K.p9) was> 920 s 1. Consequently, we were only [Added Peptide] (uM)
able to estimate the lower limits of the;- and k-;-rate FIGURE 6: Concentration dependence of the fluorescence increase
constants, using the(g—value obtained from the steady- induced by various peptides. (A) RDMPIQ®) and RDMPIQAF
st experments (Tabl 1. Inportaniy, tEucualuesof 81, 8) SLEGSKULE ) 0 SLeOSLrvO M, (O)
the assomatlpn process of RDMF,)IQA to OppA* dlspliayed' a peptide concen?ration of 1.58M, thepconcentration of OppA*
a concentration dependence similar to the data obtained inin ‘this experiment was 1.48M. Data were analyzed according
the steady-state experiments, which was also observed foregs 1 or 2 as described in the Experimental Procedures. The solid
the peptides SLSQSKVLP and RDMPIQAF. lines through the data points represent the best fits.

The peptide SLSQSKVLPVPQ displayed different pre-
steady-state binding kinetics. Its time dependence was bipha—= 16.7uM), respectively (Figure 9; Table 2). These values
sic; a rapid increase in fluorescence was followed by a sloweragree well with predicted rate constants estimated from the
decrease in the fluorescence signal (Figure 7B). These timek+1- andk-;-values obtained from the association reactions.
curves were analyzed according a double exponential func-The dissociation process of RDMPIQA could not be
tion. Both the observed rate constants of the first fast and analyzed, because the process was too rapid. Dissociation
second slow phase displayed concentration dependence an@f SLSQSKVLPVPQ from OppA* did not result in changes
allowed us, assuming a two step association process involy-in fluorescence, which is consistent with the two step process
ing isomerization of the liganded binding protein, to calcu- and the values of the relevant rate constants.
late the rate constants of the four partial reactions for ~Comparison of thek;;- and k-;-rate constants for the
SLSQSKVLPVPQ bindingZ5) (see legend to Table 1). different peptides showed that the;-values varied at the

The dissociation process of SLSQSKVLP and most2-3-fold, whereas th& ;-values varied up to 2 orders
RDMPIQAF could be described by a single-exponential of magnitude. Thus, the observed variations inl(be/alues
decay curve with observed rate constants of 15 (final are primarily the result of variation in the dissociation rate
concentration= 0.83uM) and 162 s? (final concentration constants.

AF (%)

o N A~ OO O O
T
1
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Table 1: Kinetic Parameters of Peptide Binding to OppA* and Inhibition Constants for Transport

number of AFmax K§ ki1 koy K1/kiq K@
peptide residues (%) (M) uM~ s (s (M) (uM

SLSQS 5 nd >1000 82
SLSQSKVLP 9 13.4£ 0.1 2.17+0.07 7.3£0.3 13.1+ 4.2 1.8 23
SLSQSKVLPVPQ 12 13. 2 0.2 0.774+ 0.03 6.6 6.9 1.1 17
RDMPIQA 7 18.0+ 0.3 121.1+ 0.5 ~5.4 ~650° 30
RDMPIQAF 8 20.0£ 0.5 37.7£2.4 2.8+ 0.2 105.4-11.5 37.7 33
RPPGFSPFR 9 126 1.5 0.10+ 0.02 nd

aFrom Detmers et a(12); K;, inhibition constant for peptide uptake&Apparent rate constanté‘rl and k’fl estimated according egs A and B.
Association curves obtained with the peptide SLSQSKVLPVPQ were analyzed assuming a two-step association process involving isomerization of
the liganded binding proteir2f):

Ky Ky
E+L<—EL T EL

E, EL;, and EL are the unloaded and two isomers of the liganded binding protein, respectively. The following values for the rate constants were
obtained: ki1, 6.6uM~1 s7%; k1, 74.6 ST, kip, 46.6 ST andk_,, 4.8 . The apparenk’, andk’, rate constants could be derived frdm, k-1,
ki2, andk-,, when one assumes the total amount of liganded binding proteif) {&be the sum of ELand EL:

Kty
E+L<=EL
Using this assumption, the following relations are obtained and these were used to calculate the apparent rate-constants:
Kl =K (A)
k_ Kk
K== (8
k, +k_,
¢ Estimated from the observation that the association process is completed within 3 ms, which results in a ratelc@ist®®0 s*. Thek; and
k-1 are calculated usingg and eq 4.

2 0,02 8 002
= 35
o > v
g _002 e _002 1 1 i L 1 1 1

0.2 T T T T T T T 02 i T T 1 ¥ T T IB i
=) =)
< 01 <
5 Y

A
00 L 1 1 1 1 1 1 1 i
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time (msec) time (msec)

FiGUrRe 7: Typical pre-steady-state fluorescence changes for peptide association to OppA*. (A) SLSQSKYM);(@) SLSQSKVLPVPQ
(20 uM). Grey lines are the experimentally obtained data sets. Data were analyzed according eqs 3 and 5 for SLSQSKVLP and
SLSQSKVLPVPQ, respectively. The black lines through the data points represent the best fits. Residuals are given in the small panels

above the main figures.

DISCUSSION in dissociation rate constants. The binding of such long
hi lid kinetic d he bindi peptides to OppA* is discussed in relation to the known

flnt [[?dpape\/r, \r/v?npr(iar?elntns?hl r lrrlnetlsctatailzon :mc;:] n Iigg binding mechanism that was postulated on the basis of

0 pdep ets’tha yl' 9 t('edgb' d9 to' Oa A,? afc different structures of the homologous oligopeptide binding
residues, 1o the oligopeptide-binding pro_em(_ PP Jo . protein of S. typhimurium(OppAs). OppA is thought to
lactis. OppA* corresponds to the oligopeptide binding protein bind peptides with at most five amino acid residues as the
of L. lactiswithout the N-terminal lipid modification; OppA* . ST . L o

was produced intracellularly because of the deletion of its size of its bmdmg site does nqt give |nd.|cat|pns. about the
export signal. Binding of peptides to OppA* results in apcqmquat!on of longer peptides. The [mpllcgtlons of the
conformational changes in the protein that are observed byblndlng Kinetics fo.r the transport of peptides via the Opp-
both native cationic electrophoresis and intrinsic protein system are aiso discussed.

fluorescence. Analysis of the pre-steady-state and steady- Structural Implications of the Binding of Long Peptides
state peptide binding kinetics by intrinsic protein fluorescence by OppA*.The three-dimensional structures of the peptide
showed that (1) the affinity of OppA* for peptides increases binding proteins of the Dpp-system Bf coli (DppAes) and

with increasing length of the ligand, (2) the affinity varies Opp-system ofS. typhimurium(OppAs) have been deter-
from 0.1uM (RPPGFSPFR) to-1 mM (SLSQS), and (3)  mined with and without their respective ligands$, 8—11).

the variations in affinities result primarily from differences In both proteins, salt bridges are formed between the amino-
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Ficure 8: Concentration dependence of the observed rate constants of the pre-steady-state association process for the various peptides. (A)
RDMPIQAF, the dotted line represents the best line through the data set; (B) SLSQSKVLP, the dotted line represents the best line through
the data set; (C) SLSQSKVLPVPQ. The various symbols represent different experiments and the bars indicate standard errors, resulting
from the kinetic analysis. In the case of RDMPIQAF and SLSQSKVLP, the valuds, faandk_; were obtained from the slope and the

intercept of the line with thg-axis, respectively (Table 1).
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Ficure 9: Typical pre-steady-state fluorescence changes for peptide dissociation from OppA*. (A) SLSQSKVLP (final concentration, 0.83
uM); (B) RDMPIQAF (final concentration, 16.iM). Grey lines are the experimentally obtained data sets. Data were analyzed according
egs 6. The black lined through the data sets represent the best fits. Residuals are given in the small panels above the main figures.
and carboxyl-terminus of the peptide and oppositely charged participation of the water moleculeS)( Since OppA ofL.
residues in the binding protein. A large number of hydrogen lactis (OppAy) is homologous to DppA and OppA;, the
bonds is formed between the peptide backbone and theOppA, protein is likely to have a comparable mode of
protein; these interactions can be described as parallel andinding. It should be stressed, however, that Oppg\most
antiparallel 3-sheet §). The side chains of the peptide distantly related to these proteins within the family, and that
residues are accommodated in hydrated pock&ds. A critical residues, involved in peptide binding in OppAare
variable number of water molecules allow the pockets to not easily recognized in the primary sequence of QppA
accommodate side chains of variable size. Also, the water(Picon, A., Lanfermeijer, F. C., Kunji, E. R. S., Konings,
molecules participate in hydrogen bonding between the sideW. N., and Poolman, B., unpublished results).

chains and protein residues, and they are able to dissipate The crystal-structure of Opp#has revealed how di-, tri-,
charges of the ligand. Apolar side chains can be accom-and tetrapeptides are accommodated in the binding site. Also,
modated because the hydrophilic moieties in the pocket canit provides a clue toward the binding of pentapeptides. It
form hydrogen bonds with each other with and without the appears that a pentapeptide is totally occluded from the
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Table 2: Observed and Estimated Rate Constants for the protein (subsequent decrease in fluorescence). The additional

Dissociation Processes as Presented in Figure 9 interaction between OppA* and the ligands also occurs with
final the nona- and undecameric peptides, but they are not reported
number of concentration  kobd KesP by the fluorescence assay (different local environments).
peptide  residues  {(uM) ) CO9) Relation between Binding and Transport Affinitide
SLSQSKVLP 9 0.83 15429 192445 various peptides used in this study were previously found
RDMPIQAF 8 16.7 162.5- 14.7 152.1414.8

: - : to be taken up by Opp okf. lactis with non-Michealis-

| ?Ththde_efve‘?' ?_'Ssoc'at'on rate 00”55?‘59& Vé%;q Obta'tﬂedthé a”ta' Menten kinetics, which contrasts with the saturable kinetics

YzZing tnhe dissoclation processes according e € estimated rate : : H s

constantkes; was obtained from the data in Table 1 and using eq 4. .Of pe_p'tlde binding reported here. Moreover, the variations
in affinity constants for transporkg, or K;) are much smaller

) o ) than the variations irh('a—values (Table 1). Thus, the same
medlu_m when the protein is in the clos_ed liganded stat_e. It peptides that display more than a 1000-fold difference in
is unlikely, however, that peptides with more than five Kla display only 10-fold difference i, or K; for transport.

residues, if bound, will be totally occluded. One would . .
T ’ ' . ) ) Depending on the type of peptide, th§ can be larger or
predict that these peptides will partially stick out of the smaller than thek,. This is quite unusual as tHé- and

rotein. . .
P K'a-values agree rather well for most binding protein de-

The Opp-system ot. lactis mediates the transport of endent transport systems. In other words Khevalues for
peptides ranging in size from 4 to 18 amino acid residues P port sy : y
the transport systems usually reflect tlmﬁ-values for

(12) and the binding of typical peptides 0f3.2 residues is substrate binding2).

characterized in this paper. Although the number of peptides . . .

used is limited, our data clearly indicate that residues in . Three pos&b!e gxplan_at_l(_nns for the observed d|ff_erences

excess of five highly contribute to the affinity of OppA* for in uptake and binding affinities can be for'mulated. First, the

peptides. When we assume that the binding domains Ofdlffelrznces cquldhpa_rtly _be methodological as r\:ve Ca”f‘(;’t
- exclude that in the in vivo transport assays the peptide

OppAs:and OppA, are similar, one must conclude that the concentration, experienced by the binding protein, differs

additional amino acids of the peptides longer than five e ; )

residues interact with the surface of the protein. Indeed, from.the concentration in the solution dug to mtgrfe_rence of

preliminary experiments, using nonameric peptides with a peptides W'.th the ceII'WaII.. S‘?Cond' the qllgomenzatlon ;tate

cysteine for labeling with fluorophores at either position 1, of the protgln could differ in vivo and in vitro as the eﬁectlve_
concentration of OppA, anchored to the cell membrane will

3, 4,5, 6, 7, or 9, indicate that the first five residues are b h hiaher than th trati di bindi
occluded in the binding protein, whereas the remaining four € much higher than the concentrations used In our binding
xperiments. If oligomerization occurs, it will be most

are surface exposed. The interaction of the exposed peptidee ) : ) . :
residues with the surface of OppA must be rather strong asProminent at h'gh protein concentrations gnd cooperatlvely
the K5 of SLSQSKVLP is nearly 3 orders of a magnitude n Ilgar_1d binding may be observgd;ﬁ). Th|rd, dependlng.
smallder than that of SLSQS. Although the transport or on which step(s) is rate determining in the translocation
binding of “long” oligopeptides by Opp systems other than process, th&, for transport may or may not reflect trhé,

. o : f binding.
O has not been studied thoroughly, it is possible that © 9. . . L
thggglsystems have a suirr:ilar capal::gigtyy 115 poss The kinetic data are analyzed in the light of the kinetic

Two Different Responses Can Be Obserupon Peptide model (Scheme 1). Where E and EL represent the unloaded
Binding.In general, it is assumed that binding of ligands to and Ilganded. blndlng protein, respectlvely,a.nd L are the
binding proteins involves a two-step process: binding of the external and internalized substrate, respgctlvely., and M refers
ligand to the open form of the binding protein, which is to the membrane complex. The species EL:M and E:M

followed by closure of the binding proteis,(7). Since the represent loaded and unloaded binding proteins docked to

nona-, deca-, and dodecapeptides all provoked a conforma.membrane complex, respectively. E:ML refers to the situation

. | , .~ ._~in which the ligand is transferred to the membrane complex
tional change in OppA*, as shown by the native cationic - S ;
electrophoresis experiment, it is most plausible that closure :Ped é?si::ﬂ gtgegri(r)w tet;]ne'?ns(fé:gﬁofkgi?{ d};he;?IIIiogLrljg tztfﬁes
of the binding protein is occurring. Therefore, the single .~ - i C g orlg .
exponential rise curve, observed with the peptides binding protein; Il, docking of the Ilggnded blnd.mg protein
RDMPIQAF and SLSQSKVLP, reflects both binding to and to the membrane complex; I, donat|on of the ligand to the
closure of the binding protein. This implies that the steps of membrane complex; IV, translocation of substrate across the

binding and closure of the binding protein are kinetically membrane (Figure 1). The branch with the constiinisnd

: M . K1 provides an explanation for the sigmoidial uptake kinetics
inseparable and suggests that closure of the binding protein Kb i
is much faster than the initial binding step. This type of (see refl2). If step lll, governed by the constaKL, is rate

kinetics has also been observed for ligand binding to otherdetermlmng, then the rate of transport can be described by
binding proteins17). Although the pre-steady-state analysis

of binding of SLSQSKVLPVPQ reveals two kinetic com- p= % (17)
ponents, it is unlikely that the principle binding mechanism . 5'-

is different from that of SLSQSKVLP and RDMPIQAF. We Kai—g tL

suggest that the complex pre-steady-state kinetics of Ka

SLSQSKVLPVPQ shows the interaction of the N-terminal

residues of the peptide with the binding pocket (increase in  This equation (see under Experimental Procedures) has
fluorescence) as well as additional interaction of the C- the form of a simple MichaelisMenten relationship, in
terminal residues with the surface residues of the binding which theKy, for transport equaIKcL, (KEL/KE). Thus, when
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one assumes that the rak§"/K§ is independent of the type

of peptide bound, theK,-values are expected to vary along
with the Kg-values for binding of the peptides to the
binding protein. Miller et al. 17) tested the assumption that
K\, is rate determining for several binding protein-dependent
systems and reached the conclusion that it was not. However,
they considered the total concentration of liganded binding
protein instead of the concentration of liganded binding
protein that is associated with the membrane components. 7.
Because the concentration of membrane components can be
1-2 magnitudes lower than the concentration of binding
protein @, 27) the concentration of docked liganded binding
protein, and therefore, the potential donation rates will be

overestimated.

In casek!, does not significantly determine the rate of
transport, then the preceding steps will not reach equilibrium

and theK, for transport will become smaller than tig.
Thus, the difference in the variation K- andKj-values

for different peptides can to a large extent be explained when

one assumes that the dissociation rate conskag} yaries
largely for the different peptides.

Our pre-steady-state kinetic experiments showed that the

kis1-values for all peptides studied varied at most32fold,

whereas thé_;-values could vary at least 100-fold (Table

1). Thus, the variations observed for thg-values were

mainly due to variations ik-;-values. When we assume that
K}, andk-; (Figure 1) are related, or in other words, the rate
of dissociation of the peptide from the binding protein is
the same for “free” and “membrane-docked” binding protein,
then “low-affinity” peptides are donated more rapidly to the
membrane complex than high-affinity peptides. This implies
that, for the peptides that bind with a high affinity, the
donation rate constank!(;) could be rate determining, and
therefore, the, will reflect the K§, whereas in case of the
peptides that bind with a low affinity, a high transport affinity
may be obtained because step Il is no longer rate determin

ing.
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