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ABSTRACT. Using amide hydrogen exchange combined with electrospray ionization mass spectrometry,
we have in this study determined the number of amide hydrogens on several peptides that become solvent-
inaccessible as a result of their high-affinity interaction with the urokinase-type plasminogen activator
receptor (UPAR). These experiments reveal that at least six out of eight amide hydrogens in a synthetic
nine-mer peptide antagonist (AE105) become sequestered upon engagement in UPAR binding. Various
uPAR mutants with decreased affinity for this peptide antagonist gave similar results, thereby indicating
that deletion of the favorable interactions involving the side chains of these residues in uPAR does not
affect the number of hydrogen bonds established by the main chain of the peptide ligand. The isolated
growth factor-like domain (GFD) of the cognate serine protease ligand for uPAR showed 11 protected
amide hydrogens in the receptor complex. Interestingly, a naturally occurring O-linked fucose'®n Thr
confers protection of two additional amide hydrogens in GFD when it forms a complex with uPAR.
Dissociation of the uPARpeptide complexes is accompanied by a correlated exchange of nearly all
amide hydrogens on the peptide ligand. This yields bimodal isotope patterns from which dissociation rate
constants can be determined. In addition, the distinct bimodal isotope distributions also allow investigation
of the exchange kinetics of receptor-bound peptides providing information about the local structural motions
at the interface. These exchange experiments therefore provide both structural and kinetic information on
the interaction between uPAR and these small peptide antagonists, which in model systems show promise
as inhibitors of intravasation of human cancer cells.

Identification of dynamic proteinprotein interfaces is one  diffracting crystals, as exemplified by the relatively few
of the important tasks that needs to be undertaken duringstructures determined for glycoproteins and flexible modular
the biochemical characterization of biological processes, proteins. In these cases, the protepmotein interfaces can
since receptorligand interactions represent one of several often be partly identified at medium resolution using a
central events that control such vital functions as com- chemical protection assay by which the residues residing at
munication between cellsStructural epitopesgoverning the structural epitope gain resistance toward chemical
macromolecular interactions have traditionally been deter- modification upon complex formatior2( 3). The general
mined at high-resolution by X-ray crystallography and are appjicability of this method in mapping proteiprotein
often defined as the molecular surface that becomes solventinteractions is, however, restricted by the specificity of the
inaccessible upon complex formation. Ideally, such structural chemicals typically employed (e.g., acetic anhydride, tet-
data are supplemented with mutagenesis studies to delineatgynirromethane, cyclohexanedione, or diethylpyrocarbonate)
the residues of the structural epitope that make the majoriat can target only a minor fraction of the accessible
contributions to the thermodynamic stability of the complex, . oiecular surface. Such protein modifications may also

_that Is, constitute théunctional epitoper “h(_)t sp(_)t_" of_the perturb the conformation of the complexes under study, thus
Interaction &_). However, the successful |der_1t|f|cat|on of enforcing their dissociation. An attractive approach that

structural epitopes by X-ray crystallography is often ham- avoids many of these shortcomings is to monitor changes in
pered by the reluctance of many proteins to yield well- the rates of amide hydrogen exchange upon complex
formation, a kinetic parameter correlated to the changes in
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study of protein-peptide interactions this ability is particular
useful since it allows direct monitoring of complex dissocia-
tion, for which NMR is not suitable.
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nant human pro-uPA expressed Hscherichia coliwas
kindly provided by Dr. D. Saunders (Granthal, Germany).

Hydrogen/Deuterium ExchangAmide H/’H exchange

In the present study, we have used electrospray ionizationwas initiated by the addition of AL of a 200uM solution

mass spectrometry and amiéld/’H exchange to measure

of the peptide ligand (50 mM ammonium acetate buffer, pH

simultaneously both the structural and kinetic properties of 8.0, 0.10 M NaCl) in the presence or absence of 480
the interaction between the urokinase-type plasminogenuPAR to 49ulL of the corresponding deuterated buffer (i.e,

receptor (UPAR)and various linear peptide ligands that are
potent antagonists of the uPAIPAR interaction §). It is,
however, imperative for the further refinement of these
compounds to evaluate their eligibility for transition into
smaller peptidomimetics by rational drug design. The gly-
colipid-anchored uPARY| is involved in the generation of
pericellular plasmin by confinement of the urokinase-type
plasminogen activator (UPA) to the cell surfageq). This
process is accomplished by the specific, high-affinity inter-
action Ky ~ 0.5 nM) between uPAR and the growth factor-
like module of uPA. Initial insight into the molecular basis
for this receptorligand interaction has been obtained
through studies of protection against chemical modification,
through photoaffinity labeling, and by site-directed mutagen-

50 mM d;-ammonium acetate, pD 8.0 (uncorrected value),
0.10 M NaCl). Solutions were maintained at°€ and
subjected to various exchange periods. At appropriate
intervals, aliquots of théH/?H exchange solution were
guenched by their addition to an equal volume of 0.5 M
phosphate buffer (pH 2.2) and immediately frozen in liquid
N.. The samples were stored in liquid, Nntil analysis.

Rapid Solent Exchange and ESI-MS Analysishe
equipment for rapid solvent exchange consists of two Applied
Biosystems HPLC syringe pumps (model 140B), a Rheodyne
injection valve (model 7725i), and a Valco 10-port two
position air actuated valve (model C2-1000A) equipped with
a G;g microcolumn (bed volume-2 uL). The Valco valve
is controlled by a logic module (model LOGO!, Siemens

esis @, 10—13). Since extracellular plasminogen activation AG) by pulsing a pair of three-way solenoid valves. One
has an established role in the tissue remodeling processepump delivered the solvent for desalting and the other that
that accompany cancer invasidm), therapeutic intervention  for elution. A schematic drawing of this apparatus is shown
strategies aimed at controlling cancer dissemination by in Figure 1. Acid-quenched samples are thawed individually
targeting the uPAUPAR interaction §, 9) may provide and injected by an ice-cold HPLC syringe into a 100
useful supplements to traditional chemotherapy in the stainless steel loop mounted on the injection valve. To ensure
management of cancer patientd5\ The multidomain  accurate time control a built-in position sensing switch starts
structure and the heterogeneous glycosylation profile of a timer program in the logic module once the handle of the
uPAR have, however, complicated the characterization of injection valve is switched to the inject position. The sample
its interaction with these ligands by traditional approaches is applied to and solvent-exchanged on the microcolumn for

such as crystallography and NMR.

MATERIALS AND METHODS

Materials. D,O (99.9 atom % D) was obtained from
Cambridge Isotope Laboratories (Andover, MA), and am-
monium acetatel; (98 atom % D) was from Aldrich

Chemicals. All other chemicals and reagents were of the
highest grade commercially available. Peptides were syn-
thesized, purified, and characterized as reported previously,

(6, 10).
Protein PreparationsThe growth factor-like module of
human urokinase (GFDss) was expressed by tligzrosophila

S2 cell expression system from Invitrogen (Groningen, The

Netherlands) with pMT/V5-His as the expression vector.
Recombinant protein was purified from the conditioned
medium by ligand-affinity chromatography using immobi-
lized human uPAR (residues-283) followed by reversed-
phase chromatography. Approximately 50% of the purified
GFD;—45 contained the naturally occurring fucosylatidrg)

on Thi8 as revealed by the monoisotopic masses of 5019.28

and 5165.36 Da determined by ESI-MS. Human uPAR
mutants were expressed in either CHO cells (residu&¥T)
or DrosophilaS2 cells (residues-1283) and purified from
the conditioned media by immunoaffinity chromatography

(monoclonal anti-uPAR R2-antibody) and reversed-phase

chromatography as described previously 12). Recombi-

1 Abbreviations: uPA, urokinase-type plasminogen activator; uPAR,
uPA receptor; S2-cells, Schneider 2 cells fr@mosophila melano-
gaster GFD, growth factor-like domain of uPA.

45 s with 400 uL/min of H,O containing 0.05% (v/v)
trifluoroacetic acid (pH 2.2) after which the logic module
automatically switches the Valco valve, and the sample is
eluted directly to the electrospray ion source with a flow of
70% acetonitrile containing 0.05% (v/v) trifluoroacetic acid
at 20uL/min. To minimize back-exchange with the protiated
solvents, the entire system is immersed in an ice/water slurry
(0 °C). The desalting step removes deuterium incorporated
into side chains and amino/carboxy termini, since these labile
hydrogens (i.e. hydrogen attached to N, O, and S) exchange
much faster than peptide backbone amide hydrogens at acidic
pH (17).

Positive ion ESI mass spectra are acquired on Micromass
guadrupole time-of-flight mass spectrometers equipped with
electrospray ion sources. The instruments are calibrated using
sodium iodide. ESI-mass spectra of the peptide ligands are
recorded on a Q-TOF 1 mass spectrometer. The ion source
parameters are: capillary voltage 3.1 kV, cone voltage 45

V, ion source block temperature 8C, nebulizer gas flow

20 L/h (25 °C), desolvation gas flow 400 L/h (20TC).
Nitrogen is used as nebulizer and desolvation gas. ESI-mass
spectra of GFD were, however, recorded on a Q-TOF Ultima
mass spectrometer operating in V-mode with ion source
parameters identical to those of the Q-TOF 1 instrument,
except for a cone voltage of 100 V.

THEORETICAL BASIS FOR KINETICS OF AMIDE
'H/?H EXCHANGE

Amide hydrogens engaged in intermolecular hydrogen
bonding in protein-peptide complexes are generally pro-
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10-port valve in position "desalt" 10-port valve in position "elute"
Pump A Pump A
Flow: 400 pL/min Flow: 400 uL/min
Solvent: 0.05% TFA Solvent: 0.05% TFA

Q-TOF MS

ice bath ice bath
Pump B Pump B
Flow: 20 pL/min Flow: 20 pL/min
Solvent: 70% CH,CN Solvent: 70% CH,CN
0.05% TFA 0.05% TFA

Ficure 1: Plumbing diagram for rapid desalting apparatus.

tected against isotopic exchange with the solvent. To permitin the ligand, the observed rate constant of exchakge,
exchange, the intermolecular H-bond must be broken to allow becomes equal to the dissociation rate constapt,of the

access for the exchange catalyst ion (Q18). Such receptor-ligand complex:
H-bonds may break either as a result of dissociation of the
complex or during transient local structural fluctuations at Kobs = Kot 2)

the molecular interface without complete dissociation of the _
complex. When the backbone amide hydrogens in the peptide!f the exchange is completely correlated, the masses of the
ligand undergo exchange because of complex dissociation,Wo isotope d|s_tr|but|ons remain constant throughqut the
they will then exchange at their intrinsic chemical exchange &XPeriment, while the abundance of the lower mass isotope
rates, ke, the values of which are known from model distribution decreases exponentially (eq 3) and that of the
compound studieskex depends on sequence, pH, and higher mass isotope distribution increases correspondingly
temperature and can be calculatdd)( Thus, for a model (€4 4) as exchange proceeds:
reaction, _

=[RL]oe " 3)

IIow

koff kex
Rt Sr R+ Lt Corearea R} Looo (1) lign = [L] + [RL], — [RL]pe ™" (4)

where Rluuy is the complex between a protein receptor (R) wherel,, andlpign are the absolute abundances of the lower
and a peptide ligand (L) having three protected amidgs,L ~ and the higher mass isotope distributionis, the exchange
is the free ligand immediately after dissociatiomphb is the time (seconds), [L] is the concentration of uncomplexed
free ligand after exchange with the solvent@), ke is the ligand, and [RL} is the concentration of recepteligand
intrinsic chemical amide exchange rate'fs and ke (s7%) complexes at = 0. If the hydrogen exchange is initiated
and ko, (M1 s7) are dissociation and association rate under equilibrium conditions for the receptdigand inter-
constants for the bimolecular complex. The peptide ligand action and the concentration of the receptor is in excess of
must, however, be unstructured in the uncomplexed state tothe ligand and high compared to tKg for the interaction,
undergo the fastest exchange possible, that is, limited onlythe ratio of free to receptor-bound ligand is close to zero,
by the intrinsic chemical amide exchange rate. resulting in a negligible abundance of the higher mass isotope

If the average time a peptide ligand remains uncomplexed distribution for the ligand at = 0. In this case, the ratio of
(i.e., the residence time) is significantly longer than the the abundance of the higher mass isotope distribution to the
intrinsic half-lives of its amides, exchange will occur sum of the abundances follows eq 5:
simultaneously at all amide groups before the peptide can
enter a new complex with the receptor, that is, the hydrogen Ihigh 1 gt

X —_—= e (5)

exchange igorrelated(eq 1). In the presence of a very large + lhigh
excess of RO, this exchange reaction is considered irrevers-
ible from a practical point of view. The correlated substitution The dissociation rate constariy, can be obtained by a
of amide protium {H) by deuterium fH) can be revealed nonlinear curve fit to this equation from the abundance ratios
by ESI-MS as a bimodal isotope distribution in the mass from mass spectra. Using abundance ratios rather than
spectrum B, 19, 20). The mass difference between the two absolute abundances eliminates the error caused by fluctua-
isotope distributions represents the number of correlatedtions in the absolute signal intensities between experiments.
exchanging amide hydrogens. Under conditions where each If, however, the residence time for the uncomplexed ligand
dissociation event of the receptdigand complex is inti- is comparable to or shorter than the intrinsic half-lives of
mately coupled to a correlated exchange of amide hydrogenghe amide hydrogens, the ligand will reassociate with its

IIow
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receptor before completion of the amide hydrogen exchange.
Under such conditions, numerous dissociation events may
be required to complete the hydrogen exchange and the
observed rate constant for the exchange of an individual
amide groupkaps is calculated using the following equation:

koffkex
kon[R] + kex

where [R] is the concentration of uncomplexed receptor
protein. If a molar excess of the receptor is used kKtH&]

denominator term in eq 6 becomes a pseudo-first-order rate
constant. Under conditions whereyx > ko [R], eq 6

simplifies to eq 2. To estimate whether, upon complex
dissociation, the hydrogen-bonded amides of the ligand
exhibit a strictly correlated exchange, a partially correlated

kobs = (6)

ng(kobs/koﬁ)

Biochemistry, Vol. 43, No. 47, 2004.5047

T T T

1.0

0.8

0.6

0.2

0.0
0.1

100

1000

Intrinsic chemical exchange rate k., [s™']
IGURE 2: Probability of exchange. The graph shows the probability

exchange, or uncorrelated exchange, the residence time obf amide hydrogen exchangBe = kepdkor) as a function of the

the peptide should be compared to the intrinsic half-lives of
its amide hydrogens. Equation 7 is used to calculate the
residence timetg:

[L]
tR=7"o7 (7)
" kylRL]
The denominator represents the influx of free ligand (i.e.,
rate of complex dissociation), which is equal to the outflux
(i.e., rate of complex formation) at equilibrium.
To allow determination oky values for receptoerligand

intrinsic chemical exchange ratée, for four related peptide
antagonists of the uPAUPAR interaction ). Pex = KopdKott = Ke/

(korlR] + key. The rate constants for dissociation and association
between uPAR and these peptide ligands have been assessed by
surface plasmon resonance studi@s &nd the intrinsic chemical
exchange rates for each individual peptide backbone amide
hydrogen have been calculated using the HXpep software kindly
provided by Z. Zhang. The concentration of free ligand [L] present

at equilibrium is calculated by [LFF Lo — (Ry + Lo + Kg £

J (RytLo+HK)*—4RLy)/2. Lo and R, are the total concentrations

of receptor protein and peptide ligand. The residence tig)ecén
subsequently be derived by eq 7. As an example, the peptide
antagonist AE105, having &y of 0.36 x 107° M, exhibits atgr =

complexes using eq 5, it is a prerequisite that each dissocia0.39's if experiments are conductedRat= 8.0uM and Lo = 4.0
tion is coupled to a correlated exchange of a sufficient uM, which yield a [L]~ 0.36 nM and [RL]~ 4.0uM. The intrinsic

number of amide hydrogens in the ligand to yield resolvable
bimodal isotope distributions. It is therefore imperative to
determine the kinetic limit below which the data are not

chemical exchange ratek.f) at pDeaq 8.0 for the various amide
hydrogens on AE105 range from 0.5 to 45 sorresponding to
half-lives {y,2) between 1.4 s and 15 ms. Five amide hydrogens in
AE105 have half-lives significantly shorter (by a factor of Bb5)

easily interpreted, that is, when the probability of exchange than the residence time and undergo consequently a correlated
becomes too low to generate recognizable bimodal isotopeexchange. In contrast, the C-terminal amide possessing a half-life
distributions. The probability of exchang®., for each gf 1.4 s exhibits an unco_rredlated ech:han%e, Si”hce numerous
N : - issociation events are required to complete the exchange. Finally,
!nd|V|duaI amide hydrogen equd@{(kon[R] + Kex), which two amide hydrogens have half-lives that are smaller than the
is equal tokondkorr (See eq 6). To illustrate this phenomenon  resigence time by only a factor of2.5. Those amides will undergo
Figure 2 shows the probability of exchange for four of the partially correlated exchange. Since the intrinsic chemical exchange
tested peptide ligands for the urokinase receptor as a functiorrate constant fof-cyclohexyli-alanine is not known, we have used

of kex for all their eight backbone amide hydrogens. At high that for phenylalanine instead (shown as DF in the figure for AE105

kex values, all curves merge exhibiting R ~ 1, thus 219 AE138).

~
~

reflecting a strictly correlated exchange. At lovkgrvalues,
wherePgy < 1, there is finite possibility for reassociation of
the complex before a complete exchange has occurred (i.e.
partially correlated exchange). Further lowerikg values
renders the exchange uncorrelated. Unfortunately, thes
curves cannot directly predict the transition from discrete
bimodal isotope distributions to a merged single isotope
distribution, since the curves pertain to individual amide
hydrogens only. The algorithms developed by Arrington and
Robertson are, however, well-suited to perform this t&sk (
21) as illustrated by the simulated mass spectra for the
correlated exchange of six amide hydrogens in a peptide
ligand complexed to a receptor (Figure 3). Although mass
distributions tend to overlap, the probability of zero amide
hydrogen exchange during a single dissociation event is very
close to zero as long &%, = 0.6, and we have consequently
established this value as the kinetic limit for the use of

correlated exchange to determine dissociation rate constants

for these proteirrpeptide complexes. In this respect, it is
noteworthy that all the peptide ligands shown in Figure 2

e

havePe = 0.6 for the majority of their amide hydrogens.
However, it should be emphasized that the kinetic limit will
increase when the number of protected amide hydrogens
decreases. In cases where the kinetic constants are unknown,
the kinetic limit can be inferred by inspection of the recorded
mass spectra. If a bimodal isotope distribution is observed,
then any error in the determination ko (as a result of the
kinetic limit) will be relatively small.

Data AnalysisQuantitation of the lower and higher mass
populations in the ESI mass spectra was performed by
nonlinear least-squares fitting of a linear combination of two
Gaussian distributions (area version) (eq 8) with a fixed width
(w) and a variable mean:) and area coefficientd) to the
isotopic peaks in the mass spectra.

Ai
w/f2

o 2mw?

(8)

2

=2,
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Ficure 3: Simulated mass spectra fii/?H exchange. Shown are simulations of the correlated exchange for six amide hydrogens in a
peptide-receptor complex having a dissociation rate constkg) ©f 2.3 x 1074 s™L. This resembles the situation for the interaction
between uPAR and AE105. The probability of excharigg)(was varied from 0.2 to 1.0, and spectra corresponding to exchange times of
0.5, 1, and 2x t;;; are shown. The employed simulation does not account for the deuterium incorporation that occurs while the peptide is
receptor-bound, since the model cannot assign individual uncorrelated exchange rates to a subset of otherwise protected amide hydrogens
that becomes transiently solvent-exposed. Consequently, the low-mass populations in the simulated mass spectra do not display any time-
dependent mass increase. The simulations were carried out with the MSsimHX algorithms kindly provided by A. Rod®rtson (

The independent variablg was the observed relative Rate constants for amide hydrogen exchange of receptor-
abundance (area) of the isotopic peaks. The width wasbound peptide ligands were determined by fitting a tri-
determined by fitting a single Gaussian distribution with exponential equation (eq 10) to plots of deuterium levels of
variablew, u, andA to the isotopic distribution of the peptide  the lower mass population vs time.

ligand obtained after 20 s deuteration in the absence of uPAR.

Deuterium levels (i.e., the average deuterium content) for M= N € = + N ormediare® ™™ + Ny, € <"

the lower and higher mass populations of the peptide ligands (10)
were determined by the difference between their meahs (

and the average mass (i.e., centroid) of the isotopic naturalwhereDOis the deuterium leveNs, Nintermediate 2N Nsjow
abundance distribution of the corresponding peptide. denote the number of amide hydrogens in the each of the

To obtain dissociation rate constants, the abundancesthree kinetic categories: fast, intermediate, and slow. The
(areas) of the lower and higher mass populations in the ES|"até constants for these kinetic categories@ge Kinermediate
mass spectra were determined by Gaussian fitting as@nd ksow. Because all receptor-bound peptides retain a
described above. Subsequently, abundance ratios were plotte§UPStantial amount of protium even after prolonged periods
as a function of exchange time, and the dissociation rate of deuteration, it is not possible to estimate an accurate rate
constantsk; andk,, and the amplitude paramete, were constant for the slowest exchanging amide hydrogens, but

; o ; 1 Linefi ly to estimate upper limits. These limits are substantially
obtained from fitting biexponential kinetics (eq 9) to the data on
using a nonlinear least squares algorithm. lower for AE105 and AE133 compared to those for the other

peptides tested, which is the direct consequence of the
I substantial differences in applied exchange intervats4(3
Mot — N(1— e X)) + (N — 1)(1— &) 9) h versus 1530 min). For example, it is not possible to
ot determine deuterium levels of receptor-bound AE112 at an
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Table 1: Protected Amide Hydrogens and Dissociation Rate Constants in Peptide Antagonists

. Deuterium level” 104 1@ @
Ligand Sequence® +uPAellll e-l:PARe ¢ A l;,g)[(ﬁ sSP]R sl
AFE105 D-Cha-FsrYLWS 1.1 6.9 5.8 1.2 2.3 0.4
AE112 D- F -FsrYLWS 1.5 6.8 53| 146 260 02
AE164 KGSGG-D- F -FsrYLWS 5.9 11.2 53| 375  36.0 1.7
AE138 KGSGG-D-Cha-FsaYLWS 4.6 11.1 6.5 6.3 12.0 0.5
AE133 KGSGG-D-Cha-FsrYLWS 4.6 11.0 6.4 0.9 2.5 0.5
GFD 1-45 23.9 34.5 10.6 | nd 3.1 0.3
GFD-fuc® 1-45(¢ 21.8 34.8 13.0 | nd 3.1 0.3

a Amino acids are shown in the single letter code where capitals derdtgality and lower case-chirality. Peptides have unmodified N- and
C-termini. Cha ig3-cyclohexylt-alanine.® Average deuterium content after 20 s deuteration in the preser)aa @bsence-{) of UPAR and their
difference are shownX). For GFD, the deuteration period was 30 Bissociation rate constants were measured by either amide hydrogen exchange
(HDX) or surface plasmon resonance (SPR) for uP#dd derivatives of AE1056]. The values shown for HDX correspond kg derived by
the biexponential fitting procedure using eq 10 in the Theoretical Basis for Kinetics of Atritle Exchange sectiorf. Residence time (lifetime)
for uncomplexed peptide ligands as determined by eq 7 in the Theoretical Basis for Kinetics of Afflde€Exchange section usingy kinetic
data derived from SPR experimentsucosylated at TA?.

exchange period much longer than 15 min, since the lower average mass difference between the two populations. The
mass population then becomes too depleted to be quantifiedobserved mass differences therefore represent the minimum
The shortest exchange interval that can be measured from axumber of protected amide hydrogens.
practical point of view is 20 s of deuteration. At this time,
all receptor-bound peptides have incorporated at least oneRESULTS
deuteron, for which we can estimate the lower limits that  Determination of the Minimum Number of Amide Hydro-
apply for the rate constants of these fast exchanging amidegens in a Peptide Antagonist Exhibiting Reduced Exchange
hydrogens. In summary, upper and lower limits for rate Rates as a Consequence of uPAR Ligatidigh-affinity
constants can be estimated for the slow and fast categoriesnine-mer peptide antagonists of the UP@PAR interaction
whereas rate constants in the intermediate kinetic categoryhave recently been developed via a combination of phage-
((2—42) x 102 s71) can be measured directly. display technology, affinity maturation by combinatorial
Nonlinear least-squares fitting was carried out with the chemistry, and affinity measurements by surface plasmon
solver algorithm implemented in Microsoft Excel spreadsheet resonanceq, 10). The contributions of the individual amino
software @2). For the fitting of the Gaussian distributions, acid side chains to this high-affinity interaction have been
the ion abundance cutoff level was set at 2% on the relative explored by a systematic alanine scanning of the peptide
abundance scale. antagonists §), and a gross topological mapping of the
To obtain the exact number of protected amide hydrogensintermolecular interface with uPAR has been obtained by
on the peptide ligands, it is necessary to know their isotope photoaffinity labeling 10, 11) and site-directed mutagenesis
distributions prior to quenching and desalting. However, such (6). To further address the involvement of the peptide
knowledge is difficult to obtain because of the fast exchange backbone on this interaction, we have now undertaken a
of the N-terminal amide hydrogen under quenched conditions thorough study by amidéH/?H exchange combined with
(at acidic pH, the positive charge on the N-terminus increasesESI mass spectrometry. The sequences of the uPAR peptide
the exchange rate at the adjacent amide hydrogen by a factoligands studied here are shown in Table 1.
of ~10). This means that deuterons incorporated at N- The minimum number of peptide amide hydrogens in-
terminal amide groups are readily lost during desalting, and volved in the interaction with uPAR is revealed by the
it is thus not possible to determine whether this amide group average mass difference between the isotopic distributions
was deuterated or protiated before quenching. For this reasonacquired after 20 s deuteration in the presence or absence of
we have not adjusted the observed deuterium levels for anya 2-fold molar excess of uPAR. For AE105, a mass
deuterium loss. It should, however, be emphasized thatdifference of 5.8 Da is consistently observed for such
corrections for deuterium loss generally are needed for analyses (compare Figure 4, panels b and c¢). This indicates
experiments comparing different peptic fragments. that at least six amide hydrogens out of a total of eight are
Peptides with deuterium contents less than 50% will directly involved in this interaction. An equivalent analysis
incorporate deuterons when they are exposed to the 1:1 (v/for AE133, which represents an extended analogue of AE105,
v) mixture of deuterium and quenching buffer and those with is also shown in Figure 4 (right column). The N-terminal
more than 50% will loose deuterons. In addition, a certain sequence extension of AE133 (i.e., KGSGG-) is unlikely to
amount of deuterium loss occurs during the subsequentbe directly engaged in the interaction with uPAR, since the
desalting steps. In the present experiments, the number ofdissociation and association rate constants determined for
protected amide hydrogens is determined by the average masis interaction with uPAR by surface plasmon resonance are
difference between two molecular populations, one with a similar to those of AE105 (Table 1§). The ESI mass spectra
deuterium content lower than 50% and the other with a recorded for AE133 after amidél/?H exchange for 20 s in
deuterium content-85%. The latter population will always the presence of uPAR further substantiate this notion, since
experience the highest net deuterium loss during quenchingthe average mass of AE133 was shifted by 4.6 Da relative
and desalting, which inevitably leads to a reduction in the to the average mass of the isotopic natural abundance
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Ficure 4: Amide H/?H exchange on two high-affinity peptide
antagonists as a function of receptor occupancy. Shown are ESI
mass spectra for the doubly protonated AE105 (D-Cha-FsrYLWS,
left column) and AE133 (KGSGGD-Cha-FsrYLWS, right column)
before deuteration (a, e) and after 20 s of deuteration in the presence
(b, f) or absence (c, g) of UPAR or pro-uRAAR complexes (d).
During the exchange conditions M peptide was incubated with

8 uM uPAR or pro-uPAUPAR complexes.
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distribution (compare Figure 4, panels e and f). The corre-

sponding shift for AE105 is only 1.1 Da (compare Figure 4, contral

panels a and b). This reflects that none of the “added” amide D,0

hydrogens in the N-terminal extension of AE133 is protected

against exchange due to specific engagements in hydrogen

bonding to uPAR. In comparison, the C-terminal region of U U

AE133, which is identical to AE105, contains seven protected NUNSUNP U\VAVAVAV} S JU VUL

amide hydrogens as evident from the mass difference of 6.4 613614 615 616 617 618 619 610 611 612 613 614 615 616 617

Da between the isotopic distributions of AE133 in the m/z

presence or absenge of UPAR (compare Figure 4, pane!s fFIGURE 5: Time course for amid¥H/?H exchange on two different

and g). Other peptide derivatives of AE105 tested in this peptide complexes with UPAR having widely different stabilities.

study exhibit a similar number of protected amide hydrogens The ESI mass spectra for the doubly protonated peptide ligands

when they form complexes with uPAR (Table 1). obtained after various deuteration periods in the presence of uPAR
The specificity of the interaction between AE105 and ?éerr":ngWSA%gfc(&%m?";Sggcﬁglségglé%{m%%E?aﬁ]'zeélz

UPAR was Conflr_med by prglncubatlng UPAR_ with a 2'_fc_)|d before deuteration in the absence of uPAR and spectra labeled

molar excess of its natural ligand pro-uPA prior to addition  control were obtained after 20 s deuteration in the absence of uPAR.

of AE105. The recorded isotope distributions of AE105 in During the exchange conditions M peptide was incubated with

the presence or absence of a 2-fold molar excess of UPAR 8 uM UPAR.

pro-uPA complex are essentially identical (compare Figure

4, panels ¢ and d) showing that complexed uPAR does nottime-course incubations inJD of the peptide ligands AE105

offer any protection against the amiéld/°H exchange of  and AE112 in the presence of UPAR are presented in Figure

AE105. This corroborates previous data on the antagonistic5. For AE105, a single isotopic envelope dominates the

properties of AE105€) and ensures that our exchange spectrum at short incubation times (20 s), but upon prolonged

experiments are indeed probing structurally well-defined incubation, an isotope distribution at higher mass appears.

interactions between uPAR and these peptide ligands. This leads to a bimodal isotope distribution with both modes
Determination of Dissociation Rate Constants for uPAR  nearly equally populated after approximately 60 min. By

Peptide Antagonist Complexdglass spectra obtained for contrast, an equivalent bimodal distribution is present after
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only 1 min incubation of AE112. This peptide is derived
from AE105 by a single substitution (cyclohexylalanine
replaced by phenylalanine), which severely compromises its
affinity for uPAR as measured by surface plasmon resonance
(Table 1) @). Since the higher mass populations in Figure 5
(representing correlated exchange) are formed with rate
constants equivalent to those of complex dissociation (see
the Theoretical Basis for Kinetics of Amidel/?H Exchange
section), it is beyond any doubt that AEXGPAR complexes
therefore must have a considerably higher off-rate than the
AE105uPAR complexes in these experiments.

To determine the actual dissociation rate constakts, (
the mass data for AE105 and AE112 were first fitted to
monoexponential dissociation kinetics according to eq 5 in
the Theoretical Basis for Kinetics of Amidel/?H Exchange
section, which yielded a value of 183104 s for AE105
and 5.5 x 10°% s! for AE112. However, subsequent
evaluation of this interaction model revealed a rather
imperfect fit to the data measured for AE112 in particular
(Figure 6A). Refitting the data with biexponential dissocia-
tion kinetics according to eq 9 in the Theoretical Basis for
Kinetics of Amide'H/?H Exchange section improved the fit
for AE105 only marginally. The derived biphasic kinetic
constants arek; o = 1.2 x 10* s (~95% of total
amplitude) andkof = 5.2 x 102 st (~5% of total
amplitude) showing that the stability of AE1QBPARM
complex is primarily dominated by the slow dissociating
component. By contrast, analysis of AEIJdRAR complexes
using the biphasic model dramatically improves the quality
of the fitting (Figure 6A) generating nearly equal amplitudes
for a fast and a slow dissociating component. The derived
kinetic constants for AE112 ark o = 1.5 x 1073 s7?
(~45% of total amplitude) ankb o = 3.0 x 10251 (~55%
of total amplitude). The optimal fits to biphasic kinetics for
AE112 indicate the occurrence of two dissociation/unfolding
events between this peptide and uPARR solution, but the
molecular basis for this remains to be solved. Interestingly,
we find a positive correlation between the dissociation rate
constant of the slow component and the amplitude of the
fast component for several pairs of receptbgand com-
plexes using this fitting procedure (Figure 6B). Consistent
with the fact that the estimatéd dissociation rate constants
are too fast to be assessed experimentally by surface plasmo
resonance, we find a reasonable good agreement betwee
the k; dissociation rate constants determined by amidle
°H exchange in solution and those derived by surface
plasmon resonance using immobilized uPAR (Table 1).

Comparison of Exchange Kinetics for AE105 in Complex
with Different uPAR MutantsThe isotopic distributions for
AE105 obtained after various periods of deuteration in the
presence of different uPAR mutants are shown in Figure 7.
The attainment of a bimodal isotope distribution for AE105,
where both modes are approximately equally populated, is
observed after widely different incubation times for the
various UPAR mutants: 60 min for uPARand 15 min for
UPARP?54A compared to only 0.25 min for uPAR®A, Since
the rate of formation of the higher mass populations is equal
to the rate of complex dissociation, it is evident that the two
mutants H249A and D254A have higher dissociation rate
constants than wild-type uPAR. The double mutant H249A/
H251A vyields only a single isotopic envelope, which is
identical to the one obtained in the absence of uPAR,
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Ficure 6: Evaluation of the kinetic fits to the dissociation of AE105
and AE112. In panel A is shown the ratio of the abundance of the
higher mass population to the sum of the higher and lower mass
populations as a function of exchange time for AE1@5 énd
AE112 (a). Experimental data as well as fits to monophasic (dotted
lines) and biphasic (solid lines) kinetics are shown. Panel B
illustrates the correlation between the amplitude of the fast
dissociating component and the dissociation rate constant of the
slow component for 11 different pairs of recepttigand com-
plexes. The identities of these complexes are as follows: (1) AE105
UPARY; (2) AE133uPARY; (3) AE105UPAR?A; (4) AE105
UPAR'Z59A (5) AE105UPARPZ4A; (6) AE138UPARY; (7) AE105
UPARSSA; (8) AE112UPARY; (9) AE164UPARY; (10) AE105
UPARF255A (11) AE105UPART249% (12) AE105UPAR249K,
n
demonstrating that this mutant offers no measurable protec-
tion on AE105. These findings corroborate the binding
kinetics determined by surface plasmon resonare (
Dissociation rate constants.f) for the various uPAR
mutants measured by amidld/’H exchange as well as by
surface plasmon resonance are shown for comparison in
Table 2. It is comforting to find that thie values obtained
by surface plasmon resonance and antid®H exchange
differ only by approximately 2 3-fold, despite the obvious
distinctions in the two methodologies, and both methods rank
the mutants into the same kinetic categories (see Table 2).
The numbers of amide hydrogens in AE105 that gain
protection against exchange upon binding to uPAR mutants
are listed in Table 2. Interestingly, these receptor mutants
offer almost similar levels of protection on AE105 (5.7
5.9) irrespective of their widely differing dissociation rate
constants. The one exception is F256A, which presents a
moderately reduced level of protection on AE105 (5.4). This
particular mutant also possesses the highest dissociation rate
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Ficure 7: Time course for amidéH/?H exchange of complexes between AE105 and different uPAR mutants. The ESI mass spectra for
the doubly protonated AE105 were obtained after various periods of deuteration in the presence of a 2-fold molar excess of either uPAR
or selected mutants. Spectra labelegDHvere obtained before deuteration in the absence of uPAR, whereas spectra labeled control were
obtained after 20 s deuteration in the absence of uPAR. The data fort#®ARS1Awas recorded after quenching in formic acid, which
increased the back-exchange during desalting thereby lowering the overall deuterium incorporation. During the exchange cqulditions, 4
peptide was incubated with 8V uPAR.

Relative abundance

constant for AE105 (Table 2) and furthermore yields the chemical half-life of exchangéf, = 1.4 s) is considerably
highest intermediate exchange rate for receptor-bound AE105longer than the residence time for the uncomplexed AE105
of all mutants tested (Table 3). The acceleration of the (tg = 0.4 s). As a result of this, only a small fraction of
exchange rates for bound AE105 strongly indicates that this dissociated AE105 molecules will succeed in exchanging
mutation promotes local distortional motions at the molecular their WS amide hydrogen within the residence time, and
interface of AE10SUPAR™564, several dissociation events are consequently required to
Deuterium Leels for the Higher Mass Populations Show accomplish a complete exchange. Assuming that exchange
That Not All Amide Hydrogens Undergo Correlated Ex- of WS occurs only upon complex dissociation, thus ignoring
change upon Complex Dissociatidrevels of incorporated  any exchange that may occur while AE105 is receptor-bound,
deuterium in four peptide ligands, AE105, AE112, AE164 its theoretical half-life in the presence of uPAR should be
and AE138, are presented as a function of deuteration time~5.3 h (calculated using eq 6). This value is concordant with
in Figure 8. A close inspection of the deuterium levels for the experimental half-life of the WS amide hydrogerd(
the higher mass populations represented by the solid symbols) determined in the presence of uPAR suggesting that very
in Figure 8 reveals that all peptide ligands (excluding AE164) limited exchange of WS actually occurs while AE105 is
surprisingly incorporate fewer deuterons than the corre- receptor-bound.
sponding uncomplexed controls (broken lines). This is  The deuterium level for the higher mass population of
illustrated by the fact that even after 60 min of deuteration AE112 is closer to the maximum level than AE105 (Figure
the difference between the higher mass populations for 8A). Thus, the WS amide hydrogen of AE112 exchanges
AE105 in the presence and absence of uUPAR is still 1.0 Da faster than that of AE105. Their theoretical half-lives of 56
(Figure 8A) suggesting that one otherwise protected amidemin and 5.3 h, respectively, are consistent with this observa-
hydrogen is not undergoing correlated exchange in the tion.
uncomplexed state. Inspection of Figure 2 in the Theoretical Interestingly, AE164 is the only peptide for which the
Basis for Kinetics of AmidéH/?H Exchange section reveals deuterium level of the higher mass population resembles that
that the most likely candidate to undergo uncorrelated of the control (Figure 8B). The completion of the WS amide
exchange is the C-terminal WS amide hydrogen, since it hashydrogen exchange in AE164 signifies that the uPARL64
by far the lowest probability of exchangBe( = 0.16) of all complex is more labile than the corresponding uPAIRL12
the amide hydrogens in AE105. Accordingly, its intrinsic complex. Accordingly, the dissociation rate constant of the
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Table 2: Protected Amide Hydrogens and Dissociation Rate
Constants Determined for AE105 in Complex with uPABNd [ e
Various Mutants A A A A4 AE112 ® AE105
6.0
UPAR deuterium level Kot [104 5710 . . t e
mutation +uPAR —uPAR (@A) HDX SPR 5 50
wt 1.1 69 58 12 33 3
Neutral Mutations E 40
N259A 1.1 6.8 5.7 0.7 3.3 =
K62A 11 6.8 5.7 0.9 2.2 £ 30
Moderately Destabilizing Mutations 8
D254A 1.1 6.9 5.8 5.1 11.6 20
Y57A 1.2 6.9 5.7 4.6 6.1
L55A 1.2 7.0 5.8 6.0 11.1 10
Highly Destabilizing Mutations
H249A 1.1 7.0 5.9 67.3 34.4 00 . . .
F256A 1.6 7.0 5.4 78.0 48.9 102 10° 10* 10°
H249A/H251 4 6.2 6.2 0.0 >2000 >500 exchange time [s]
a Average deuterium content after 20 s deuteration in the presence
(+) or absence-) of uPAR and their difference are showf)( For 12.0
H249A, the deuteration period was only 15°®issociation rate . AR
constants were measured by amide hydrogen exchange (HDX) for [ ~7° 7777 TR amTTmTT
AE105 in complex with uPAR or the indicated uPAR mutants. The 1001 o . e oo AR
values shown for HDX correspond ke derived by the biexponential _
fitting procedure using eq 10 in the Theoretical Basis for Kinetics of Q g0l
Amide 'H/’H Exchange section. The dissociation rate constants K AE164
determined by surface plasmon resonance (SPR) were measured £ AE138
between the indicated uPAR mutants in solution and AE133 im- £ G-O'A/A—‘A"A'/K
mobilized to the sensor chip by its amino-terminal lysine. As shown 9
in Table 1, thekos's determined by SPR for immobilized uPAR and 3 s0b
AE105 or AE133 in solution are comparabté hese data were obtained (o
using formic acid to quench exchange before desalting. This caused a
slightly higher overall back-exchange during the experiment. 20}
B
Table 3: Rate Constants for Amide Hydrogen Exchange of 0'0101 102 10° 104

Receptor-Bound Peptides Ligands

kinetic category

exchange time [s]

fast intermediate slow [s7Y]
code [s7Y [s7Y] x 1073 x 1075
AntagonistuPARM
AE105 1¢0.2) 1(8) 5 8)
AE112 160.2) 1(18) 5 &67)
AE164 6 0.2) 1(2) 4 (nd)
AE138 460.2) 1(25) 6 £50)
AE133 460.2) 1(7) 6 <8)
AE105uPARM!
L55A 1(>0.2) 1(8) 5 «50)
Y57A 1(>0.2) 1(8) 5 «50)
K62A 1(>0.2) 1(7) 5 (10)
H249A 1(0.2) 1(18) 5 (nd)
D254A 1(>0.2) 1(8) 5 33)
F256A 1¢0.2) 1(42) 5 (nd)
N259A 1(0.2) 1(7) 5 (8)

aThe number of amide hydrogens exchanging with the rate constant
(s™1) shown in parentheses. (né) not determined. Adjustment for
deuterium loss or gain under quench conditions according to the
procedure of Zhang and SmitB8) caused only insignificant changes

Ficure 8: Deuterium incorporation as a function of deuteration
time. Panel A show the deuterium levels obtained for the nine-mer
antagonists AE105&,0) and AE112 4, A), whereas deuterium
levels for the 14-mer extended versions AE186%) and AE164

(a, A) are shown in panel B. Filled symbols represent deuterium
levels for peptides that have been dissociated from uPAR and
subsequently have undergone correlated exchange (corresponds to
the higher mass populations). The open symbols represent the
deuterium levels for receptor-bound peptide ligands that have not
yet been dissociated from the receptor (corresponds to the lower
mass populations). The solid lines show the fit with the kinetic
equation (eq 10) to the data, and the broken lines depict the
deuterium level measured in the absence of receptor. In panels A
and B, the upper broken lines represent AE105 and AE164, and
the lower broken lines represent AE112 and AE138, respectively.

structure of the transiently free peptides. If a peptide ligand
adopts a stable, hydrogen-bonded conformation, for example,
p-hairpin oro-helix, after receptor dissociation the amide
hydrogens that are engaged in intramolecular hydrogen

in the deuterium levels in the data series. No adjustments have bonding will not exchange in a correlated manner. The fact

consequently been made.

UPAR-AE164 complex is 2-fold faster and the association

rate constant 9-fold slower than those of uURAR112 as
assessed by surface plasmon resona@genvhich translate

into a theoretical half-life of approximately 7 min for the

WS amide hydrogen.

that the majority of amide hydrogens on the peptide ligands
tested in this study undergo correlated exchange indicates
that the uncomplexed peptides are either unstructured or
adopt a labile conformation that unfolds rapidly compared
to the dissociation rate constant of the peptid®AR
complex. The incomplete correlated exchange observed for
some of the peptide ligands is thus best explained by the

The lifetime of the uncomplexed state (i.e., the residence very slow intrinsic chemical exchange rate of the C-terminal
time) constitutes a short well-defined exposure of the peptide WS-amide hydrogen. Despite the relatively long intrinsic
to deuterated solvent and can as such be used to probe thehemical half-life of this particular amide hydrogemA=
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1.4 s), it will nevertheless exchange more than 99% in the are all engaged in the formation of well-defined hydrogen
control experiment (i.e., after 20 s,O incubation in the bonds (8).
absence of uPAR). Hydrogen exchange by way of local structural fluctuation
Deuterium Leels for the Lower Mass Populations Report  depends on dynamic structural motility of the main chain,
on Exchange Mechanisms That Occur While the Peptide which tends to be slow for hydrogens that are adjacent to
Ligands Are Receptor-Bounds evident from Figure 8, the  immobile and tightly packed structurekgj. A mutation that
lower mass isotope distributions of all peptides tested increases the flexibility of the polypeptide main chain locally
demonstrate a time-dependent increase of the deuterium levelill as a consequence also cause acceleration of amide
reflecting a uncorrelatetH/?H exchange. This phenomenon  hydrogen exchange in close proximity to the mutated residue.
can also be recognized by the gradual mass shifts of the leftBy analogy, we expect that mutations in peptideceptor
isotope distributions toward higher masses (e.g., AE105 in interfaces that decrease complex stability generally are
Figure 5), which is caused by an uncorrelated exchangecorrelated to increased main chain flexibility and therefore
mechanism that is operational while the peptide ligands induce accelerated amidel/?H exchange at the interface
remain bound to uPAR. The amide hydrogens in the receptor-of the complex Concordantly, substitution af-arginine in
bound peptide ligands have their own individual exchange AE133 byp-alanine increases the complex dissociation rate
rate constants. Although these constants cannot be determinedonstant by about 5-fold (compare AE133 with AE138 in
separately, their range and distribution can be assessed byrable 1), and this is reflected by a 4-fold increase in the
fitting parameters in eq 10 to the experimental data (Table intermediate rate constant for amiié/2H exchange (Table

3). 3). Since the intrinsic chemical exchange rate for the alanine
For receptor-bound AE105 and AE112, a fast exchange residue is lower than that of the arginine residue, the observed
of one amide hydrogen is observédy > 0.2 s'%), while a increase in the intermediate exchange rate for AE138 clearly

second amide hydrogen exchanges substantially more slowlyreflects increased local structural fluctuations induced by the
(kops= 8.3 x 102 andkeps = 1.8 x 107271, respectively).  mutation. As demonstrated previously, single site mutations
The remaining five amide hydrogens exhibit an extremely in uPAR that impair the stability of the uPARE105
slow exchange with averadeys < 8 x 10°and 7x 10~ complex, for example, uPATRA and UPAR?24%A |ead to a

s for AE105 and AE112, respectively (Table 3). As noted similar proportional increase in the uncorrelated exchange
earlier, the difference in upper limits between the rate rate of receptor-bound AE105.

constants of AE105 and AE112 is mainly caused by their |n summary, the high protection factors observed for

widely differing exchange times. _ AE133 and AE105 and their lower intermediate exchange
As expected, the N-terminal extension (KGSGG-) of rates reflect a relative rigid intermolecular interface between
derivatives of AElOS (l.e., AE133, AE164, and AE138) adds these tightly embedded peptide ligands and uPAR
fast exchanging amide hydrogens to the receptor-bound Analysis of the uPAR-Binding Module in uPAhe
peptides. Six amide hydrogens in AE164 and four in AE138 1 itidomain structure of urokinase-type plasminogen activa-
and AE133 thus belong to the fast exchanging category with o (,pA), the cognate protein ligand for UPAR, consists of
rate constants greater than 0:2.Both short and extended e individual modules: a growth factor domain (GFD), a
versions of the peptide antagonists contain a single amideyingle domain, and a serine protease domain. All structural
hydrogen having a medium exchange rate constant. Interestyeqjirements for maintenance of high affinity toward uPAR
ingly, the extended versions of the tight binding antagonists 5re confined within the small GFD module of uPA, where
(i-e., AE133 and AE138) have one additional amide hydrogen egiques residing in the flexibl@-loop of the GFD in
in the slow kinetic category compared to those of the shorter o, icylar (i.e., residues 2680) are implicated in its inter-

peptide ligands. A plausible cause for this distinction is the 5.tion with UPAR 9, 23). Human uPA contains an O-linked
elimination of the positive charge of the ammonium ion of {,.0se attached to, THrin the GFD module 16), and this
the originally N-terminal aspartic acid in the extended gification is apparently indispensab2 for an alleged
versions, which significantly lowers the intrinsic chemical growth promoting effect of UPA on the osteosarcoma cell
exchange rate for the adjacent aspartic agicbyclohexyl-  |jne 5a0S-2 25). The three-dimensional solution structure
L-alanine (Cha) amide hydrogen at acidic pH (see Figure ot GED, along with the kringle domain, has been determined
2). This reduces the extent of back-exchange during de:saltlngby NMR spectroscopy26), but a structure for the corre-
and elution allowing us to include this position in the gnonding UPARGFD complex remains yet to be solved. To
determination of receptor-mediated protection on the ex- jyesiigate the interaction between UPAR and GFD further,

change kinetics. _ o we have now probed the structure of complexed and
From these data, we can now estimate the lower limit for uncomplexed GFD by amidé{/2H exchange.

the protection factors (PF) for the slowly exchanging amide
hydrogens in AE105 and AE133 by dividing the average
intrinsic chemical exchange rate constant by the upper limit
of Kops (i.€., PF> 18 s1/8 x 1075 s7%, which yields a P~

10P). The slow category of amide hydrogens in AE105 and 2 The early mechanistic events in uPAReptide complex dissocia-

’ - o - tion are assumed to constitute a number of consecutive disruptions of
AE133 thus typically eXh'b't_S protection faCto_rS grgater than hydrogen bonds associated with solvation of the separated hydrogen
10° when they are engaged in complex formation with UPAR. bond donor/acceptor pairs. As mentioned previously, dynamical
For comparison, the PFs for the slowly exchanging amide structural motions at the molecular interface are intimately linked to

; ; ; transient hydrogen bond cleavages, which eventually leads to complex
hydrogens in native equine cytochromeange from about dissociation. Uncorrelated amidél/?H exchange therefore reports

10° to 10" with a median of 18 and more importantly, those girectly on the transient distortional motions causing hydrogen bond
hydrogens protected from exchange by PFs greater than 10breakage.

A purified preparation of recombinant GFD modules
(residues 1-45), containing a partial processing of Thwith
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Ficure 9: uPAR-mediated protection of amide hydrogens in GEPwith and without fucosylation at TH. ESI mass spectra for the
quadruply protonated GFD*® without (left panel) and with (right panel) fucose attached to'are shown as a function of deuteration
time in the presence of UPAR Spectra labeled ¥ were obtained before deuteration in the absence of UPAR, whereas spectra labeled
control were obtained after 30 s of deuteration in the absence of uPAR.

the naturally occurring O-linked fucosé&®), was therefore ~ complexed ligand only. However, it should be emphasized
incubated in deuterated buffer with or without the presence that the fucosylation may actually also influence the exchange
of a 2-fold molar excess of uPAR. This particular experi- rate in free GFD, but this must then occur on a time scale
mental setup allows possible impacts of the fucosylation on that is too fast to be assessed by the present technique.
the exchange kinetics of the GFD to be assessed directly by In contrast to the previously tested peptide ligands for
comparison of the mass shifts observed for the two forms in uPAR, we do not observe any bimodal isotope distributions
a single ESI mass spectrum (Figure 9). In the absence offor GFD. In fact, there is no discernible broadening of the
uPAR approximately 35 deuterons are rapidly (i.e., within isotopic envelopes for the GFD modules, the widths of which
30 s) incorporated into both forms of GFD (Table 1). Because remain essentially constant for even sustained periods of
prolonged incubations did not result in a further increase of deuteration (up to 60 min) in the presence of UPAR.
their deuterium content (data not shown), these experimentsConcordantly, there is no evidence for the existence of
indicate that the isolated GFD modules adopt a highly correlated exchange of amide hydrogens, despite the fact that
flexible structure in solution with a very limited self- a substantial fraction of the GFRUPAR complexes must
contained protection against solvent exchahda. the have undergone dissociation during the 60 min of incubation
presence of a molar excess of uPAR, this incorporation is (ko for GFD—UPAR is 3.1x 104 s ! compared to 2.3«
reduced to 24 deuterons in GFD and only 22 in the 10“s!for AE105-UPAR as measured by surface plasmon
fucosylated GFD. Complex formation with uPAR thus resonance, see Table 1). The absence of peak broadening
confers an average protection corresponding to 11 amideshows that dissociation of uPARGFD complexes is pre-
hydrogens in the nonfucosylated GFD compared to 13 in dominantly accompanied by amcorrelatedexchange. It is
the fucosylated GFD. Intriguingly, the covalently attached therefore impossible to calculate a dissociatiate constant
fucose at Th¥ increases the level of protection in the for the GFD-uPAR complex by means of amidél/2H
exchange and mass spectrometry, but it is should be
3 GFDy_4s contains only 42 main-chain amide hydrogens due to the gmphasjzed that timu?librium_dissociation con.stant for this
presence of two proline residues. The deuterium loss as a result ofinteraction can be derived using other established exchange
acid quenching and desalting is thus {485)/42 ~ 17%, which is dmethods 27, 28).
camperable o, el bserved [o the extended peplides ATL33 and The absence of correlated exchange for GFD sirongly
indicates that the amide hydrogens that become protected

within 30 s at pD 8 is possible only with a lower limit &f,s > 0.2 : | - >
st as a direct cause of the interaction with uPAR have exchange
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rates after dissociation that are substantially slower than theirinsertion occurred at Hi&! located in loop 3 of uUPAR domain
intrinsic chemical exchange rates. A significant stabilization 111 (10, 11). These observations subsequently led to the
of the GFD structure per se is probably induced by the proposal that the peptide antagonist utilized a composite
interaction with uPAR. The observed protection levels are binding site assembled by interdomain interactions involving
therefore most likely accounted for by a composite protection separate domains in the intact uPAR.
on some amide hydrogens that are directly engaged in the The other interaction that we have addressed in this study
UPAR-GFD binding interface and on others that are py amide H/?H exchange is the high-affinity binding
involved in a receptor-induced reestablishment of the protein petween uPAR and the GFD module of the natural protease
core in the GFD module. The short residence time of the |igand, uPA. This module was the first EGF-like structure
free GFD (r = 0.3 s) is presumably the major rate-limiting  to be demonstrated to be modified by O-linked fucdi®),(
step that abrogates detection of correlated exchange for evernd it was subsequently reported that this modification is
a subset of these amide hydrogens. essential for an alleged growth promoting effect of uPA on
DISCUSSION the osteosarcoma cell-line SaOS-_24)( An increasing 3
number of EGF-like structures carrying a sequence-specific
In the present study, we have analyzed the high-affinity modification by O-linked fucose are now being recognized,
interactions between the urokinase receptor (UPAR) andand in specialized cases such as the membrane proteins Notch
several small linear peptides as well as the GFD module of and Cripto, this carbohydrate is important for their ligand
its cognate protein ligand (UPA) by amiéld/’H exchange  binding and signaling propertie@%—31). Despite the fact
combined with mass spectrometry. Previously, it has beenthat the fucosylation of the GFD of uPA does not have any
shown by amino acid replacements and surface plasmonmajor impact on the kinetics of the uPAR interaction per

resonancef) that four of the side chains (Ch@hé, Lel, se, we nevertheless find that this fucose moiety does confer
and Trp) in the affinity optimized nine-mer peptide AE105 additional protein stability to the receptor-bound GFD as
(Asp-Cha-Phe-ser-arg-Tyrkeu-Trp-Ser) contribute signifi-  assessed bjH/2H exchange experiments. Such stabilizing
cantly to the free energy of the interaction with uPAR and effect elicited by carbohydratepolypeptide interactions is
that thep-chirality of Sef also adds to this high affinityK( not a completely unprecedented phenomenon, since the

= 0.4 nM). The present analysis of AE105 and its extended presence of an O-linked fucose on Thrthe small protease
analogues by amidéH/?H exchange clearly reveals an inhibitor PMP-C increases the thermal stability of the protein
additional contribution from the majority of the main-chain by approximately 1 kcal/mol and decreases th&2H
amide hydrogens of AE105 to the interaction with UPAR, exchange rate for several backbone amide hydrogens located
which implicates the involvement of at least six out of the in the 8-sheet 82). Although the fucose does not affect the
eight main-chain amide hydrogens in this interaction. As kinetics of the primary interaction between uPAR and uPA,
deduced from studies on NHerminally extended versions it may, however, modulate secondary interactions of the
of AE105, the actual number of protected amide hydrogens complex with other potential ligands such as vitronec3®) (

is 7, which is further substantiated by data derived from and various integrins3g, 35).

additionaPH/"H exchange studies using predeuterated AE105  From a methodological point of view, this investigation
(data not shown). We find that the dissociation rates for the 550 proadens the emerging vista in analyzing receptor

UPAR-AE105 complexes in solution, as measured by the |jgand interactions by amide hydrogen exchange combined
correlated exchange, are in excellent agreement with thoseith mass spectrometry. First, dissociation rate constants can
determined previously by surface plasmon resonadie ( pe derived fairly accurately by this technique, as long as the
further consolidatipg the _specificity of both methods. Whether acorded isotopic envelopes allow distinctions between
the slow-exchanging amide hydrogens of AE105 are engagedcoyrelated and uncorrelated exchange. Second, several struc-
in an intermolecular hydrogen bonding network to UPAR, yrally different ligands may be compared concomitantly
are shielded by the interface, or participate in self-contained nder identical conditions in a single exchange experiment,
mtramolecular hydrpgen bonds (e.g., ingahairpin or as illustrated by the present analysis of receptor-bound GFD
a-helix), or a combination of these cannot, however, be jncompletely fucosylated on THr In this context, it will be
unraveled by the present technique. Nevertheless, the exyery interesting to perform a careful analysis of the exchange
tensive engagement in hydrogen bonding on receptor bindingpoperties of a trimolecular complex that is formed between
emphasizes that this property must be taken into consider-ypaAr yPA, and the small somatomedin B domain of
ation when the transition of AE105 into smaller peptidomi- yjtronectin @3). Finally, the uPAR-induced selectivity and
metics is attempted by rational drug design. polarization in the deuteron distribution of the extended
The structural basis for the unusual protection of almost yersjons of AE105 may provide the necessary experimental
all amide hydrogens in AE105 on receptor binding remains o5 to settle the persisting controversy in the literature
to be clarified experimentally by NMR or X-ray crystal-  regarding the occurrence of collision-induced scrambling of

lography. However, circumstantial evidence exists to suggestamide hydrogens during MS-MS sequencisg, (37).
that the peptide antagonist is tightly imbedded between uPAR

domains | and lll, and this could consequently account for ACKNOWLEDGMENT
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