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Abstract: Protein—ligand interactions may lead to the formation of multiple molecular complexes in dynamic
exchange, affecting the kinetic and thermodynamic characteristics of the binding equilibrium. We followed
the dissociation kinetics of the transient and specific complex of an antithrombotic peptide N-acetyl-*Aspss-
*Phe-*Glu-*Glu-*lle-Progo-Glu-Glu-Tyr-Leu-Glnes with human prothrombin by use of >N NMR relaxation
dispersion spectroscopy of the peptide. Every one of the five °N-labeled adjacent residues of the peptide
exhibited apparently different kinetic exchange and relaxation behaviors, which were especially evident at
different concentrations of prothrombin. Binding-induced 5N relaxation dispersion of residues Phesg, Glusz,
Gluss, and llesg can be fitted phenomenologically to a two-site on-and-off exchange mechanism with
physically feasible relaxation and kinetic parameters obtained for residues Phess, Glusg, and llese,
independent of the prothrombin concentration. The apparent kinetic parameters of Glus; show some
dependence on the concentration of prothrombin and the extracted transverse relaxation rate for Glusz in
the bound state was severalfold higher than that expected for a protein—peptide complex with a size of
~72 kDa. In addition, the equilibrium population of the bound peptide obtained for Glus; was inconsistent
with those for Phess, Glusg, and llesg and with the prothrombin/peptide ratios used in the experiments.
These discrepancies can be explained by the presence of two conformations for the peptide—protein complex
exchanging at a rate of ~100 s72. In all, our study shows that fast dissociation of protein—peptide complexes
can be studied quantitatively using peptide >N NMR relaxation dispersion measurements without a precise
knowledge of the peptide and protein concentrations. In addition, protein titration was found to improve the
accuracy of quantitative analysis and may make it possible to determine the rate of conformational changes
within the protein—peptide complex.

The molecular nature of proteiligand associations is a  the failure to account for subtle molecular motions in the exact
subject of long-standing interest in chemistry, in biochemistry, dimensions of proteinligand interactions captured by high-
and particularly in the interdisciplinary field of pharmaceutical resolution molecular structuré$:” On top of all these, there is
drug discovery:? Structural investigations have portrayed, at still limited understanding of the relationship between the
atomic resolution, the specific molecular interactions in many kinetics of binding and the molecular structures of protein
protein-ligand complexes and especially those formed between ligand complexe§:-1° There are therefore significant interests
enzymes and inhibitors/substrates and between proteins andn better ways to probe the kinetic mechanisms of molecular
peptide ligand$-® Thermodynamic analyses of complex forma- interactions, particularly the dissociation of transient protein
tion, such as equilibrium binding experiments and enzyme ligand complexe$§:1°
inhibition assays, have provided valuable information regarding A number of techniques are already available for following
the molecular/atomic forces that dictate the structural stability the kinetics of protein-protein and proteirtligand interactions,

of protein-ligand complexe$? In general, however, it is still  such as surface plasmon resondriteand analysis of the
difficult if not impossible to correlate quantitatively the detailed progress curves of enzyme inhibition by specific ligatfti<.
structural information with the binding affinity of protetligand All these methodologies are limited to the characterization of

complexes. In most cases, the difficulties may be related to

(6) Nienaber, V. L.; Mersinger, L. J.; Kettner, C. Biochemistry1996 35,

(1) Kuntz, I. D.; Chen, K.; Sharp, K. A.; Kollman, P. Rroc. Natl. Acad. 9690-9699.
Sci. U.S.A1999 96, 9997-10002. (7) Carlson, H. ACurr. Opin. Chem. Biol2002 6, 447—452.
(2) Brooijmans, N.; Sharp, K. A.; Kuntz, |. CRroteins2002 48, 645-653. (8) Van Regenmortel, M. HCell Mol. Life Sci.2001, 58, 794—-800.
(3) Petsko, G. A.; Ringe, DCurr. Opin. Chem. Biol200Q 4, 89—94. (9) Andersson, K.; Choulier, L.; Hamalainen, M. D.; Van Regenmortel, M.
(4) Sem, D. S.; Pellecchia, NCurr. Opin. Drug Disceery Dev. 2001, 4, 479~ H.; Altschuh, D.; Malmqvist, MJ. Mol. Recognit2001, 14, 62—71.
492. (10) Day, Y. S.; Baird, C. L.; Rich, R. L.; Myszka, D. ®rotein Sci.2002 11,
(5) Blundell, T. L.; Jhoti, H.; Abell, CNat. Re.. Drug Discaery 2002 1, 1017-1025.
45-54. (11) Wilson, W. D.Science2002 295 2103-2105.
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tight-binding or slow-dissociating proteitligand complexes
with lifetimes longer than at least several secohtfsAnother
limitation is that they only provide a macroscopic description
of binding kinetics, without details of the dynamic behavior of
the interacting molecules at atomic resolution. In particular, very
little quantitative information is available for the fast dissociation
of transient proteirrligand complexes with lifetimes ranging
from a few milliseconds to hundreds of microseconds. Short-
lived or transient, but specific-binding, proteitigand com-
plexes can be a good starting point for the design of high-affinity
inhibitors or effector molecule’s:1* Fast dissociating ligands
are often derived from naturally occurring proteijprotein
interface® or discovered by screening against molecular
libraries316Even without affinity “maturation”, these specific-
binding ligands can be converted into bivalent and polyvalent
molecules with a potential increase in affinity and the lifetimes
of the proteinr-ligand complexed>22

The kinetics of transient inhibitor binding to large enzymes
and proteins have been studied previously utilizing mo$#y
NMR relaxatior#®28 or line shape analysi$and proton NMR
relaxation measuremert$More recent work in this area has
included the characterization of multiple conformational states
in small protein-peptide complexéd32 and in enzyme
substrate/inhibitor interactio#8:37 It has been shown that in
complex protein systems protetfigand interactions may
involve a dynamic equilibrium of an ensemble of proteligand
complexes with related or distinctly different structural con-
figurations. Even the formation of a well-structured molecular
complex may follow a process of conformational selection out
of the ensemble of different conformational states for the
unbound specie¥ Indeed, recent studies have demonstrated

(12) Pargellis, C. A.; Morelock, M. M.; Graham, E. T.; Kinkade, P.; Pav, S;
Lubbe, K.; Lamarre, D.; Anderson, P. Biochemistryl994 33, 12527
12534.

(13) Wells, J. A.Sciencel996 273 449-450.

(14) Shuker, S. B.; Hajduk, P. J.; Meadows, R. P.; Fesik, SS@iencel996
274, 1531-1534.

(15) Song, J.; Ni, FBiochem. Cell Biol1998 76, 177-188.

(16) Mourez, M.; Kane, R. S.; Mogridge, J.; Metallo, S.; Deschatelets, P.;
Sellman, B. R.; Whitesides, G. M.; Collier, R. Nat. Biotechnol2001,
19, 958-961.

(17) Mammen, M.; Choi, S.-K.; Whitesides, G. Mngew. Chem. Int. EA.998
37, 2754-2794.

(18) Rao, J.; Lahiri, J.; Isaacs, L.; Weis, R. M.; Whitesides, GSklencel 998
280, 708-711.

(19) Kramer, R. H.; Karpen, J. WNature 1998 395 710-713.

(20) Kitov, P. I.; Sadowska, J. M.; Mulvey, G.; Armstrong, G. D.; Ling, H.;
Pannu, N. S.; Read, R. J.; Bundle, D. Rature 2000 403 669-672.

(21) Fan, E.; Zhang, Z.; Minke, W. E.; Hou, Z.; Verlinde, C. L. M. J.; Hol, W.
G. J.J. Am. Chem. SoQ00Q 122, 2663-2664.

(22) Kiessling, L. L.; Gestwicki, J. E.; Strong, L. Eurr. Opin. Chem. Biol.
200Q 4, 696-703.

(23) Sykes, B. DJ. Am. Chem. S0d.969 91, 949-955.

(24) Smallcombe, S. H.; Ault, B.; Richards, J. H.Am. Chem. S0d.972 94,
4585-4590.

(25) Gerig, J. T.; Stock, A. DOrg. Magn. Res1975 7, 249-255.

(26) Gerig, J. T.; Halley, B. A.; Ortiz, C. B. Am. Chem. S0d977, 99, 6219~
6226.

(27) Dubois, B. W.; Evers, A. Biochemistryl1992 31, 7069-7076.

(28) Peng, J. WJ. Magn Reson2001, 153 32—47.

(29) Jacobson, A. R.; Gerig, J. J. Biomol. NMR199], 1, 131-144.

(30) Davis, D. G.; Periman, M. E.; London, R. E.Magn Reson. B994 104,
266—-275.

(31) Hensmann, M.; Booker, G. W.; Panayotou, G.; Boyd, J.; Linacre, J.;
Waterfield, M.; Campbell, I. DProtein Sci.1994 3, 1020-1030.

(32) Gunther, U.; Mittag, T.; Schaffhausen; Biochemistry2002 41, 11658~
11669

(33) Perlman, M. E.; Davis, D. G.; Koszalka, G. W.; Tuttle, J. V.; London, R.
E. Biochemistry1l994 33, 7547-7559.

(34) Curto, E. V.; Moseley, H. N.; Krishna, N. R. Comput.-Aided Mol. Des.
1996 10, 361-371.

(35) Deng, H.; Zhadin, N.; Callender, Biochemistry2001, 40, 3767-3773.

(36) Gulotta, M.; Deng, H.; Deng, H.; Dyer, R. B.; Callender, RBibchemistry
2002 41, 3353-3363.

(37) Hammes, G. GBiochemistry2002 41, 8221-8228.

that binding of small hydrophobic molecules inside a well-
structured protein is permitted by the existence of a significant
population of protein conformations in partially open or
“excited” states?®

In this paper, we use the newly developéN T, (CPMG)
relaxation experiments, of®N NMR relaxation dispersion
spectroscopy?“® to quantitate the kinetics of a transient
molecular complex formed between &h-labeled antithrom-
botic peptide and human prothromHitt:>a protein larger than
70 kDa. On one hand, the specific binding of antithrombin
peptides to the latent zymogen, prothromtfithas remained a
subject of significant interest, since the peptide binding site on
prothrombin is involved in substrate recognition by the pro-
thrombinase macromolecular assemf§lyThere is also the
fundamental question of the changes in structural and dynamic
properties of protein functional surfaces accompanying protein
activation, for example, the conversion of prothrombin to active
thrombin in blood coagulatioff-*> On the other hand, it is
particularly attractive to follow the kinetic behavior of peptide
binding to large proteins, whenever the latter are not normally
or easily accessible to direct (NMR) observation. The challenge
here lies in the difficulty or impossibility to observe the bound
state of the peptide ligand due to the high molecular weight of
the peptide-protein complex, so that conclusions may depend
on the kinetic mechanism chosen to explain the experimental
data. We found that peptid®N NMR relaxation dispersion
measurements, especially when performed at different concen-
trations of the binding protein, can be used to quantitate the
dissociation rates and bound populations of transient protein
peptide complexes and detect the existence of alternative binding
modes of the bound peptide.

Materials and Methods

The peptideN-acetyl-Hir(55-65) was enriched selectively witiN
isotopes at the backbone amides of five residuesAsihes Gluss,
Gluss, and lleg to produce the labeled peptiddacetyl-Dss FE'E'-
IPsoEEYLQgs as described previousty.The purified peptide material
was dissolved at-1.5 mM in an aqueous solution that was 50 mM in
NaCl and 50 mM in sodium phosphate at pH 5.5. Carefully measured
volume aliquots of human prothrombin at a stock concentration(o8
mM were added to the peptide solution to produce molar ratios of
~1:45,~1:35, and~1:30 for the prothrombin and peptide concentra-
tions, respectively.

Proton resonance assignment was achieved by using 2D NOESY-
{*H—'N}-HSQC with an NOE mixing time of 250 ms and 2D
TOCSY{'H—-15N}-HSQC with a TOCSY mixing time of 56.6 rffs
recorded at 288 K and 500 MHz. Amino acid residues were identified

(38) Tsai, C. D.; Ma, B.; Kumar, S.; Wolfson, H.; Nussinov, Brit Rev.
Biochem. Mol. Biol2001, 36, 399-433.

(39) Mulder, F. A.; Mittermaier, A.; Hon, B.; Dahlquist, F. W.; Kay, L. Bat.
Struct. Biol.2001, 8, 932-935.

(40) Loria, J. P.; Rance, M.; Palmer, A. &.Am. Chem. So4999 121, 2331~
2332

(41) Millet, O.; Loria, J. P.; Kroenke, C. D.; Pons, M.; Palmer, A.JGAm.
Chem. Soc200Q 122, 2867-2877.

(42) Mulder, F. A. A.; Skrynnikov, N. R.; Hon, B.; Dahlquist, F. W.; Kay, L.
E. J. Am. Chem. So@001, 123 967-975.

(43) Akke, M. Curr. Opin. Struct. Biol.2002 12, 642—-647.

(44) Ni, F.; Ning, Q.; Jackson, C. M.; Fenton, J. W.Biol. Chem1993 268
16899-16902.

(45) Anderson, P. J.; Nesset, A.; Dharmawardana, K. R.; Bock, B. Biol.
Chem.200Q 275, 16428-16434.

(46) Anderson, P. J.; Nesset, A.; Dharmawardana, K. R.; Bock, B. Biol.
Chem.200Q 275, 16435-16442.

(47) Carpenter, K. A.; Ni, FJ. Magn. Reson1992 99, 192-197.

(48) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N. Brdtein
NMR Spectroscopy: Principles and Practiéeademic Press: San Diego,
1995.
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Figure 1. RF and field gradient pulse sequence for measuring®d=,(1/rcpmc) dispersion profile with sensitivity enhancement and compensation of RF
heating effects. A train o¥N 180 pulses is applied at 100 ppm off the center of the HSQC spectrum with a separation of 1 ms at the beginning of the
recycle delayd; such that the total number N 18C° pulses, 4, is kept the same for all experiments with different CPMG pulse repetition rates. An
XY-16 180 pulse traifC is also applied to both th#4 and!*N nuclei during the two INEPT periods, which limits the decay of exchange-broadened ligand
resonances. Further enhancement in sensitivity was achieved by using the 3919 WATERGATE sequence for water sbhphes€8nand 180 RF

pulses are represented by narrow and wide bars, respectively, applied alohy #xés unless specified otherwise. The open rectangles are water-selective
soft pulses with a duration of 2 ms. During data acquisit{éN,decoupling is achieved using a GARP sequéhaéth an RF field of 1.0 kHz (at 500 MHz)

or 1.2 kHz (at 800 MHz). The delays afe= 2.7 ms,t = 1 ms,d, = di — 4(N — n)r andzcpmc = (T/4n — pw18Q), whereT is the total duration of the

15N CPMG pulse train and pw1&0s the width of thel>N 18C° pulse. Sine bell-shaped gradient pulses with a duration of 1 ms are used with gradient
strengths ofg; = 5G/cm, g, = —6G/cm, gz = 1.2G/cm, ga = 6G/cm, andgs = 10G/cm. The phases of some RF pulses are the same as those reported
previously withpl = +X —X, ¢2 = 4(+X) 4(—X), and¢3 = 2(+X) 2(+Y) 2(—X) 2(-Y),*L except that the phases for the I8 90° pulse, the WATERGATE
sequence, and the RF receiver are cyclegds 4(+X) 4(—X), ¢5 = 8(+X) 8(+Y), 6 = 8(—X) 8(—Y) and receiver= (+X —X —X +X) 2(—X +X +X

—X) (X =X =X +X). Phase-sensitietH—15N} -HSQC spectra were obtained by incrementidg according to the StateI PPl schemé&3 The relaxation
dispersion profile is derived from the spectral peak intensities at different effectifielBs >* expressed by the equati®(1/rcpmc) = —In[I(L/rcpma)/
1(0))/T,*2 wherel(1/zcpme) is the intensity of an HSQC peak with varyimghence thercpmc delay, and (0) is the intensity of the same HSQC peak in the
absence of th&®N CPMG pulse trains (i.en = 0 in periods a and b and periods ¢ and d). NMR data were collecféN &tequencies of 50.684 and 81.076
MHz using Bruker Avance/DRX 500 and 800 MHz NMR spectrometers. The total length 4INhEPMG pulse trainT, is kept at a constant value of 40

ms for all the experiments. The total numbeNjbf the 1N CPMG 180 pulses was set to 100.

on the basis of the cross-peak patterns from the TOCSY spectrum andthe refocusing pulses according to

assigned through sequential NOE connectivitiéld.resonances were

assigned using §H—15N}-HSQC spectrurt® acquired at 288 K and dM/dt = (R + Rg)M 1)
500 MHz. The{*H—%N}-HSQC spectrum of the selectiveéfiN-labeled

N-acetyl-Hir(55-65) peptide again did not show a detectable population where

of a potential cis isomer for residue Pro60, in agreement with the

conclusions established previously using proton NMR spectroscopy —Ryp—idwy,, 0 0

(Ni et al., 1993* and references therein). R=|0 —Ry, — 10wy, (1a)
The sample temperatures were calibrated using metti&mbk core 0 0 Ry — 10wy

of the '>N NMR relaxation dispersion measurements is the relaxation- 5 5

compensated CPMG pulse sequence (Figuré®“t)in the t; (**N) ki — kg K Ko

dimension, 32 complex data points were acquired with a spectral width Rex = |k —ky — kit o (1b)

of 4.6 ppm for both the 500 and 800 MHz data sets. Intth€H) koﬁz koﬁl _kon,l _ kon,z

dimension, 1024 complex data points were collected with spectral
widths of 5000 Hz at 500 MHz and 7183.91 Hz at 800 MHz. Data

. ) ; . for a three-site exchange model, and
matrices were zero-filled to 4096 and 512 prior to Fourier transforma- g

tion. A Gaussian weighting function was used in both dimensions. The —R,,—idw, 0

integral intensities of thé*H—1°N}-HSQC peaks were obtained using R= (0 —Ry — i0w ) (1c)
the NLinLs progrant? The windows for peak integration were normally f f

15(F2) x 25(F1) points at 500 MHz and 12(F2) 20(F1) points at —kost  Kon

800 MHz. In some cases, smaller windows were used for peak Rex = (kOff —kon') (1d)
integration or 6(F2)x 16(F1) points at 500 MHz and 4(F%) 12(F1)

points at 800 MHz (see Results section for more details). for a two-site exchange mod®l.The notation for exchange rate

Two-site exchange and three-site exchange equations describing theconstants is shown in Figure 2. In the cases of “linear” (Figure 2C) or
evolution of magnetization under a CPMG echo train were integrated “forked” (Figure 2D) three-state exchange schemes rate constants
numerically and fit to the experimental NMR data with the use of between nonexchanging speciks ¢, ko or ki, ko, respectively) were
MatLab (Mathworksf>%6Under the experimental conditions, complex set to zeroRy, andRyy are the intrinsic transverse relaxation rates for
magnetizatiorM in the rotating frame was assumed to evolve between the peptide'>N nuclei in the bound and free forms, respectively. The
transverse relaxation rates for the bound peptide in two possible

(49) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA. complexes are assumed to be equal in our current analysis. Variables
(50) ‘é'gmgr'{ ’1\‘_'\_/'561132? g éﬁgﬁﬁ?ﬁ-di M. 5. Magn. ResorL090 86, 470~ dwpz and dwp are the resonance frequency offsets+ wo) for the

484. T T ' ' corresponding bound state®y; is the resonance frequency offset for
(51) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661—-665. the free peptide, andy is the angular frequency of the CPMG RF
(52) Shaka, A. J.; Barker, P. B.; Freeman JRMagn. Resonl985 64, 547— pulse train

552. :

(53) Marion, D.; Ikura, M.; Tschudin, R.; Bax, Al. Magn. Reson1989 85,
393. (55) Jen, JJ. Magn Reson1978 30, 111-128.

(54) Blackledge, M. J.; Bruschweiler, R.; Griesinger, C.; Schmidt, J. M.; Xu, (56) Tollinger, M.; Skrynnikov, N. R.; Mulder, F. A.; Forman-Kay, J. D.; Kay,
P.; Ernst, R. RBiochemistry1993 32, 10960-10974. L. E. J. Am. Chem. So@001, 123 1134}+11352.
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Figure 2. Hypothetic pseudo-first-order two-site and three-site exchange Figure 3. Overlaid{*H—'N}-HSQC spectra of thil-acetyl-Hir(55-65)
mechanisms for the interaction dfl-acetyl-Hir(55-65) with human peptide in the absence (red) and presence (black) of human prothrombin.

prothrombin. Addition of an extra bound state to the two-state exchange The peptide was dissolved atl.5 mM in an aqueous solution that was 50
model (a) produces a “full” three-site exchange model (b) with two mM in NaCl and 50 mM in sodium phosphate at pH 5.5. An aliquot of
additional exchange pathways. “Full” three-site exchange scheme turns into human prothrombin solution{0.3 mM) was added to the peptide solution
“linear” (c) and “forked” (d), if the corresponding absent exchange pathways to produce a prothrombin/peptide molar ratioe£:30. The spectra were
are too slow to be sensed by NMR. recorded at 500 MHz and at 298 K.

The programs for data fitting were adapted from a MatLab script Monte Carlo simulatior using a maximum deviation a£10% for
for a “linear” three-state exchange schethehich was kindly provided all experimentaR, values.
by Lewis E. Kay at the University of Toronto. Values fkx, Kon',
Kottty Kott?, Kor'd, ki, Ko, Ros(500 MHZ), Rop(800 MHz), dwp, dwps, and  ResUlts
Owy (Figure 2) were fitted as independent variables. Vakg$, p, The peptideN-acetyl-*Asp-*Phe-*Glu-*Glu-*Ile-Pro-Glu-
Por, Poz, @ndpy = (1 = po1 = Pog), with p standing for the population &), Tyr-| ey-Gin (to be referred to as-acetyl-Hir(55-65)),
of the corresponding species, were derived using the condition of containing fivelsN-labeled residues, Asg Phes, Glusy, Glusg
microscopic reversibilitk;p = kip;,*> wherek; denotes the exchange 4 llgo, at their backbone amide ni,trogens di’splays’in solution

rate constant for the transformation of spedi@sto specieg. R, or . . .
the R relaxation rate of the peptidéN nuclei in the free state as defined slowly relaxing (sharp) proton anN NMR signals with no

by the CPMG pulse sequence (Figure 1), ang were determined detectabl_e response of th#N transverse re_laxation rate to the
experimentally for a sample of the peptide alone under the same changes in CPMG pulse rate. Upon addition of a small amount
experimental conditions. Three matrids(1:45),Rex(1:35), andRex- of prothrombin, four of the fivg IH—15N}-HSQC peaks were
(1:30) for each prothrombin/peptide ratio were used to fit simultaneously found to shift and broaden (Figure 3). For all exchange regimes,
the relaxation dispersion curves at three prothrombin concentrations. excess ligand over a large proteiligand complex guarantees
MatricesRex(1:35) andRex(1:30) were produced frorRex(1:45) by that the NMR spectrum is dominated by the slowly decaying
substituting exchange ratés: (or ko™ andkon? in the models with  gignais resulting from the free ligai8l.The 15N transverse
two dissociation routes) with 1.28 kay (Or 1.29 x kon™ and 1.29x relaxation dispersion data (Figure 4) were collected using our
kon'?) and 1.5x kon' (0r 1.5 x kon'* and 1.5x kon'?), respectively. The . . ) .
. ) , ; implementation (Figure 1) of the constant-tiitN CPMG
ratios 1.29 and 1.5 fdRex(1:35) andRex(1:30) reflect the increase of . > - - L
experiment along with additional CPMG elements for sensitiv-

prothrombin concentration in the relationship' = koi[Ef] under the ) .
assumption of [ked > Ko and [Lo] > [Eq] (see eqs 2ac) and were ity enhancement of exchange-broadened si§halsd for the

obtained using the volumes of the added prothrombin solution in the COmpensation of heating effe€tsaused by the CPMG puls€s.

titration. The populations of different species with increased prothrom- The use of compensatifg\N CPMG pulses was found to be

bin concentrations were recalculated in accordance with the modified critical for running the relaxation dispersion experiments on a

kon (0r kon* andkon?) values. very high field NMR spectrometer (such as at 800 MHz) that
The errors of fitting were estimated through Monte Carlo analysis. may be very sensitive to small temperature fluctuations.

For each of 200 Monte Carlo samples, random deviations of the Figure 4 shows thé&N relaxation dispersion of the backbone

measured peak integral intensities were generated. The absolute Valuedmide nitrogen atoms of residues BAGIus7, Gluss, and lles

of the deviation was set to 1% of the intensity corresponding to zero _ i . .
relaxation delay Ig), which was a justifiable uncertainty based on a of N-acetyl-Hir(55-65) in the presence of human prothrombin.

few independent experiments. The integral intensitl dfd not deviate (57) Press, W. H.; Teukolsky, S. A.: Vetterling, W. T.; Flannery, B. P. In

by more then 1% from its average value when measured before and Numerical Recipes in FortrarCambridge University Press: New York,
; ; i 1992.

after th_e series of_ CPMG_- exp_erlments, _and the low-field pazt_ of the (58) Ni. F. Prog. Nucl. Magn. Reson. Spectrod€94 26, 517—606.

relaxation dispersion profiles did not deviate by more th@&n5 stin (59) Mulder, F. A. A.; Spronk, C. A. E. M.; Slijper, M.; Kaptein, R.; Boelens,

repeated experiments. Error analysis for the single exponential ap- 60 I\?A-/J- Bi%mgl-_ l\éMngaﬁBS, zz%ﬁﬁmgg 3 715-720

proximation was carried out in a slightly different manner. The standard (613 thg%’r E A V%’T"bbrg'og?]:. Kaptein 3R_.’ Boelens,JRBiomol. NMR

deviations of the fitted parameters were estimated through (bootstrap) 1999 13, 275-288.
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Figure 4. 15N relaxation dispersion curves for theN-labeled peptidéN-acetyl-Hir(55-65) in complex with human prothrombin. The peptide wak5
mM in an aqueous solution that was 50 mM in NaCl and 50 mM in sodium phosphate at pH 5.5 and°aif@g @ispersion curves were recorded at three
prothrombin/peptide ratios, 1:4&(®), 1:35 @, W), and 1:30 ¢, #), and at two'*N frequencies, 50.684 MHZ, O, and<) and 81.076 MHz @, l, and
#). The 15N dispersion curves were fitted to a two-site exchange scheme separately for each residue but simultaneously for all three prothrombin/peptide
ratios. The fitted curves are shown as a solid line at 1:45, dotted line at 1:35, andddadime at 1:30 prothrombin/peptide ratios.

The amide nitrogen of Asp had rather sharp proton adeN [Eq], and the equilibrium dissociation constadfy = kos/kon as
NMR signals (Figure 3) and showed very little relaxation
dispersion, in agreement with the very little binding-induced [Eq] = [EglKp/(Kp + [Lfed) (2a)

line broadening of its amide proton resonafttand therefore

is not included in further analysis. Three prothrombin/peptide Wwhich, in the case of [ked > Kb, is proportional to the [/
molar ratios were used, namelyl:45,~1:35, and~1:30. The [Lired ratio. If also [Lo] > [Eo], which is normally the case for
accuracy of the absolute peptide or prothrombin concentrationsthis type of experiment, then

was not critical for the data analysis, as only the increases in

the prothrombin/peptide ratio, measured by the volume of the [Ed ~ [EdKp/[L o] (2b)
added prothrombin stock solution, need to be included in the ' (i

data fitting process (vide infra). The approximate prothrombin Kon (SECONAJ= [(Vy + Vo)V >¢ o (first) (2¢)
concentrations were used only to discriminate physically reason-
able from unreasonable fits. In the course of the titration, the
vqlumes _o_f the added prothrombin_ solution after tht_e secon_o! and prothrombin and/y andV» are the volumes of the prothrom-
third additions were 1.29 and 1.5 times that of the first addition, bin solution used in the first and second additions of prothrom-

respectively. The relaxation dispersion data were fitted using },;, respectively. Furthermore, eqs—2a are valid for any

numerical calculation of magnetization evolution during the exchange mechanism, for example, all those of Figure 2, except
(tcpmd/2 — 180° — 7cpme — 180° — 7cpmc/2) element of the 54 s not generally equal thos/kon.

56 e
CPMG sequence:® _ _ A least-squares fitting procedure was used to exkaGipy,
Two-Site Exchange Model.At first, a two-site exchange dwpr, and the values oRy, at the two magnetic fields. The

model was a§sumed according to thel5scheme shown in Figureresults of the fits using full matrix analysis (egs 1c and 1d) are
2a and fitted independently for evelty/**N cross-peak. In this presented in Table 1. Essentially the same results were also

schemep is the bound population of the peptideypr = (dws obtained when the relaxation dispersion data were fitted (Table
— Ow) is the™™N resonance peak separation between the bound 1) sing the single-exponential approximation of the two-state
and the free stateR;s is the transverse relaxation rate for the | 40130415562| the variable parameters obtained by both
free peptideRy is the transverse relaxation rate for the bound  eh04s were identical within the experimental error limits
peptide kor is the dissociation rate constant, a@d stands for - (rpje 1), It is seen that the behavior of residuessphed

KonEf], wherekon is the association rate constant and [Ethe llesgis consistent with a two-site exchange model. Both residues

concentration of the free prothrombin. In turn, the concentration display highly similatkes values with theRo, values independent
of the free prothrombin is defined by the concentration of the

free peptide [ked, the total concentration of added prothrombin  (62) Carver, J. P.; Richards, R. E.Magn. Resonl972 6, 89—105.

where ko (first) and ko' (second) are the pseudo-first-order
association rate constants after the first and the second additions
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Table 1. Kinetic and 1°N Relaxation Dispersion Parameters of the N-Acetyl-Hir(55—65) Peptide in Complex with Human Prothrombin for a
Two-Site Exchange Scheme?

residue Kofr, 71 dwyy, ppm Po, % Rap [R2(800)], s7* Rot [R(800)], s~
Phe56/1 203@ 110 —-3.7+ 0.2 2.01+0.14 161+ 8 [319+ 22] 1.38[0.95]
Phe56/* 2050t 146 —-3.6+0.2 2.0+0.2 155+ 11 [308+ 30]
Phe56/2 2015- 110 —-3.940.2 2.40+0.21 199+ 10 [304+ 21]
Phe56/3 215 105 —4.2+0.2 2.53+ 0.15 190+ 7 [304+ 18]
Phe56 208@a: 60 —4.0+0.1 1.80+ 0.06 188+ 5[308+ 11]
Glu57/1 1540+ 180 2.6+ 0.3 1.7440.20 310+ 35[460+ 60] 1.60[1.44]
Glus7/* 1570+ 209 2.6+ 0.4 1.7+ 0.3 310+ 46 [4544+ 78]
Glu57/2 1820+ 190 3.4+ 0.3 1.74+ 0.16 4104 40 [514+ 54]
Glu57/3 2030+ 200 3.5+ 0.4 1.92+0.21 400+ 40 [513+ 58]
Glus7 1850+ 110 3.2+0.2 1.3640.08 390+ 20 [5104+ 35]
Glu58/1 2260+ 100 4.2+ 0.2 3.424+0.20 136+ 6 [255+ 17] 2.14[2.53]
Glu58/1/w 2150+ 90 4.0+ 0.2 3.71+0.24 142+ 6 [268+ 17]
Glu58/* 2437+ 153 4.3+ 0.3 3.2+ 0.3 1324+ 9 [245+ 24]
Glu58/2 1790+ 80 5.4+ 0.2 3.09+0.12 233+ 7 [339+ 14]
Glu58/2/w 2130+ 80 4.8+ 0.2 3.73+0.18 178+ 6 [279+ 14]
Glu58/3 1680+ 80 5.3+ 0.2 3.344+0.14 259+ 7 [367 4 14]
Glu58/3/w 2210+ 90 4.3+ 0.3 4.86+ 0.39 1604 7 [248+ 17]
1le59/1 2060+ 90 —4.4+0.2 3.044+ 0.15 209+ 7 [361+ 18] 0.71[1.03]
1le59/* 2165+ 153 —4.5+0.3 3.0+ 0.2 206+ 11 [351+ 27]
1le59/2 2020+ 80 —4.940.2 3.55+ 0.15 260+ 8 [340+ 15]
11e59/3 2260+ 100 —4.540.2 4.41+ 0.28 193+ 83124 18]
1le59 2160+ 60 —4.6+0.1 2.90+ 0.10 221+ 5[330+ 10]
56/57/59 2470+ 40 2.40+ 0.05 193+ 4 [245+ 6]

aThe fitted parameteliss, dwpr, Po, andRyp represent, respectively, the dissociation rate constant of the prgeptide complex, the frequency separation
for a peptide'®N signal in the free and bound stat&sy,; = (dwp — dwy), the apparent fraction of the bound peptide, and the appReaedaxation rate of
the peptidé>N nuclei in the bound state. Signs of e values are derived from the signs of the prothrombin-induced chemical shifts for the corresponding
{*H—5N}-HSQC cross-peaks. The listed vallRs are those at 500 MHz (with a¥N frequency of 50.684 MHz), and the values in the square brackets
are those at 800 MHZYN frequency: 81.076 MHz). The values Bf;, or the intrinsicR; relaxation rate of the peptidéN nuclei in the free state, were
determined experimentally for a sample of the peptide in the absence of prothrombin under the same experimental conditions and using the same pulse
sequence (Figure 1) and were found independent of the CPMG pulse rate. Residues were fitted independently except for the last row designa&d as 56/57/
For every amino acid residue, rows denoted /1, /2, and /3 correspond to data sets at prothrombin/ligand+dtids, ef1:35, and~1:30, respectively.
Rows denoted /w correspond to the parameters using relaxation dispersion profilesgblisdined with a smaller integration window (see text). Rows
denoted /* show the results of the fitting of the data in rows denoted 1145 prothrombin/peptide ratio) using the single-exponential approximtfsrt2
The last row for every residue, except for glwhich strongly deviates from the expected concentration dependence, lists parameters obtained by a simultaneous
fit to dispersion data at all three prothrombin concentrations, with the value ip,tb@lumn corresponding to the prothrombin/ligand ratio~df:45. The
row 56/57/59 displays parameters for the simultaneous fit to the relaxation dispersion of all three residge€IRheand lleg at three prothrombin
concentrations? Fitted values oBwys were —3.1 & 0.1, 1.94 0.8, and—5.54 0.1 ppm, for residues Pkg Glus, and llgs, respectively.

of the peptide/protein ratio amm growing roughly comparable  nance shifts are normally smai-0.03-0.3 ppm) (Figure 3),
with the amount of the added prothrombin. On the other hand, and their signs can be derived with certainty from comparison
Glusy displays some growth dés and only a slight increase in  of the {TH—1°N}-HSQC spectra of the peptide free and in the
p» upon the incremental growth of the prothrombin concentra- presence of a subequivalent of prothrombin. Theoretically,
tion. In addition,Ry, values for Glg; at both fields appear to  therefore, experimental measurements of the observed shift
be unusually high, almost doubling the values calculated for differencesAwqns can provide supplementary information for
other N sites. Glyg had a noticeably unusual behavior: the use as constraints (by use of eq 3) as part of the data fitting
calculatedk,rs value decreases with the addition of prothrombin, process$3 In practice, however, it may not be advisable to
while Ry increases, anf is not changing. Regardless, fitting  attempt quantitative measurementsi\efops due to the sensitiv-
results with residues Pkgand llesg indicate that*N-relaxation ity of the HSQC spectrum of the peptide to the slightest changes
dispersion data at two magnetic fields and at a single prothrom- in pH and salt concentrations and to the additions of the binding
bin concentration can uniquely determine the five unknown protein prothrombin. These minor uncertainties in the solution
parametersket, Po, dwpr, Rop(500), andRx4(800), describing two-  conditions have little effect on the intrinsic NMR relaxation
state binding. and kinetic parameters but may result in spectral shifts of up to
The signs of théwyr values shown in Table 1 were assigned ~.g.05-0.08 ppm for the!SN resonances of the peptide (data
according to the observed cross-peak shifts induced by pro-pot shown). In practice, the derived valuesiafy; can be further
thrombin titration (Figure 3). Under the condition pf> py, verified by a comparison of the binding-induced resonance shifts
binding-induced"*N resonance shifts correlate with the relax- gptained at different field strengths, since, according to eq 3, a

ation and kinetic exchange parameters according to the formula-pigher magnetic field would decrease the observed resonance
tion of Swift and Connick2 which for a two-site exchange shift when expressed in ppm.

situation are expressed analytically as follows:

Aw s = Ko Kogp Sl [(Kogs + sz)2 + (6wa)2] 3)

where Awqps is the observed shift of atPN resonance peak
induced by prothrombin binding. These binding-induced reso-

We then carried out a simultaneous fit of the dispersion curves
at all three prothrombin concentrations, using the fact khat
is proportional to [ and, hence, to [B/[L o] (egs 2a-c). The
fit was performed independently for eaéH/*>N cross-peak
(Figure 4 and Table 1). As expected, the fitted dispersion curves
for Phes and llee were in a good agreement with the two-site
(63) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307-320. exchange model. It was also possible to fit reasonably well the
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dispersion curves of Gia using the same model. Again, for  from the presence of additional exchange pathways. In fact, even
Glus, fitted Ry values were higher, whilp, was smaller than residues Phg and lleg display Ry, values somewhat higher
expected (Table 1). It is important to emphasize that the apparentthan expected, if we assume that in the bound state it is the
transverse relaxation rate was very sensitive to the increase ofmotions of the complex as a whole that define the transverse
[Eq)/[L o] for every pair of the dispersion curves with the addition relaxation of the ligand. We estimated theoretical valueR.of

of prothrombin. It was therefore easy to verify the linearity of for a protein with the molecular mass of prothrombin (72 kDa)
[Ef] growth with the addition of prothrombin simply by and order parameted = 0.8 and 1.0 to be, respectively,
including it as a fitted parameter. For RgeGlusz, and lleyg 95/122 and 119/1537% at 500/800 MHZ* Therefore, we are

15N sites, fitted [E]1/[Ef]. values for every pair of prothrombin  interested in how including an additional bound state in the
concentrations were in excellent agreement with the relative analysis of the experimental dispersion curves would affect the
volumes of the prothrombin solution added or theplfE o]) 4/ calculated values dRap, pPp, and Ko

([EqJ/[L o])2 ratio (data not shown). This observation is consistent  In the most general case, including an additional bound state
with the previous reports demonstrating tKatfor the binding adds two kinetic pathways to the model (Figure 2B). One
of N-acetyl-Hir(55-65) with prothrombin is of the order of  pathway is the kinetic exchange on the surface of the protein,
~100-300uM*+45and, therefore, is significantly less than the that can be a consequence of both protein and peptide confor-

peptide concentrationr<(1.5 mM). mational conversions. Another pathway is an alternative as-
Simultaneous fitting of eighteen dispersion curves at the three Sociation-dissociation route of the distinct bound species,
concentrations of prothrombin for all three residuessRI@ius7, formally producing an additional pair okt and kon rate

and lley was also performed and is listed in the last row of constants. If one of the two pathways is too slow to influence
Table 1. For this particular fit, we assumed eqRaj values the relaxation, the system obeys either “linear” three-state
for each residue in the bound state to simplify the calculations. behavior (Figure 2C) or “forked” three-state behavior (Figure
Whereas calculated parameters were close to those obtaine@D). In our evaluation, we assumed that the transverse relaxation
independently for residues R@nd lle, the quality of the fit ~ rateRey for both bound states are equal. This way, there are a
for residues Phg and Gly; declined (data not shown), and total of nine independent parameters describing the general
the fit forced poor convergence of the parameek; (1.9 & three-site exchange, while the total number of the degrees of
0.8 ppm) for Glys. freedom is reduced by one for the “linear” or “forked” three-

It was not possible to obtain a reasonable fit for residuggslu  SIt€ €xchange mechanisms (Figure 2 and eq 1). The increment

using a two-site exchange model at three prothrombin concen-©f the prothrombin concentration during the titration does not

trations (Figure 4). The apparent transverse relaxation rate of\Ncréase the total degrees of freedom as long as the volume
Glusg does not grow rapidly enough with the addition of ratios of the titrated prothrombin are known accurately (see

prothrombin. Apparently, this observation is related to the Materials and Me_‘thods). In principle, therefo_re, the nine kine_tic
inherent difficulties in the quantitative integration of the glu ~ and NMR relaxation parameters may be obtained from the fitting

cross-peak, which displays the highest prothrombin-induced of only twq dispersion data sets at two different prothrombin
broadening among all HSQC peaks (Figure 3). In addition, concentrations.

inspection of thg 1H—15N}-HSQC spectra at low CPMG pulse In practice, we f(?und that the thrge-state system may bg
rate and the highest prothrombin concentration indicated that Somewhat underdefined, and depending on the starting condi-
there appears to be a CPMG pulse rate-independent contributiorfions, the calculation converged to a few clusters of fitted
to the measured Giy magnetization from a very weak Parameters. The clusters were filtered on the basis of physical
overlapping peak. To verify this, we quantitated the cross-peak feasibility,.and parameter sets containing negative rate constants
of Glusg using a smaller integration window [6(F2) 16(F1) or relaxation times, as well g% = po1 + py2 exceeding or
points at 500 MHz and 4(F2x 12(F1) points at 800 MHz] ~ comparable witfpree = (1 — py), were not considered. To fit
and obtained a more reasonable concentration dependence dfe experimental dispersion curves of &lto a “linear” three-

the CPMG relaxation dispersion and fitted parameters (Table Site model (Figure 2C), it was necessary to use simultaneously
1). Quantitation of other peaks with the smaller window yielded the six dispersion curves for the three concentrations of
unchanged relaxation dispersion profiles within the limits of Prothrombin recorded at two different magnetic fields to obtain
the experimental error (data not shown). These observationsCONvergent results. Dependent on the starting conditions for
indicate that the very weak and slowly relaxing resonance itérative fitting, the fitted parameters in the calculations
overlapping with Glgs cannot be from a minor conformation ~ ¢onverged either to the two-site exchange mechanisny (.

of the peptide as a result of any significant population of a * 0) Or t0 the actual linear three-site exchange mecharksm (
potential cis isomer for residue Reo(also see Materials and = 90 & 30 s, k; = 150 £70 s7%). The resulting three-site
Methods). However, considering the ambiguity of the derived €Xchange parameters (Table 2) were, in fact, not so much
relaxation parameters for Gliuwe did not include the relaxation ~ different from those of the two-site exchange, since the

dispersion curves of Glgin the following three-site exchange ~ POPulation of the dissociation-competent bound staig was
analysis. found to be 1.3+ 0.1%, close to that found for the two-site

mechanism (Table 1). Part of the bound peptide was redistrib-
uted into the (loung2 State P2 = 4.0 + 1.8%), thus increasing
the total bound peptide population. Notably, g value (2090

+ 230 s'1) was close to that of residues Rhand lle found

Three-Site Exchange Model.The relaxation behavior of
residue Glg; suggests the presence of other conformations in
the bound state. Although the relaxation dispersion olan
be fitted by a two-site exchange model at all three prothrombin

concentrations, the abnormally high valuesReh as well as 5, sinbuni, P.: wuthrich, KProg. Nucl. Magn. Reson. Spectro@002
comparatively low values qgb,, might be artifacts originating 40, 199-247.
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Table 2. Kinetic and 1°N Relaxation Dispersion Parameters of the N-Acetyl-Hir(55—65) Peptide in Complex with Human Prothrombin for a
Three-Site Exchange Scheme?

Owpy, PPM kott", 7 kg, 571 Po1, % Rap, §7*
model residue [Bwpa] (ko] korP, 571 [k2] Kex, 71 [pv2] Po, % [R2x(800)]
linear/1 Glus7 3.0 0.5 2090+ 230 5204+ 250 50+ 30 220+ 80 1.3+ 0.1 6.0+ 1.9 275+ 50
[6.2+3.0] [1504 70] [4.0+1.8] [3704+ 65]
linear/3 Phe56  —3.14+0.2 27104+ 130 1920+ 370 4804 380 640+ 430 2.26+0.13 3.3+ 0.9 153+ 13
[~3.2%0.8] [150- 70] [L1+0.9] [205+ 16]
Glu57 1.2+ 1.6
[2.845.2]
1le59 —-5.7+0.3
[—3.8+2.9]
circular/3 Phe56 —0.5+25 2200+ 1600 2350+ 300 60+ 50 150+ 130 15+1.0 3.0+ 0.6 160+ 25
[-25+20]  [2700+ 500] [90+ 90] [1.5+ 0.5] [205+ 33]
Glus7 1.2+1.6
[1.8+1.3]
lle59 -3.14+2.3
[-6.8+1.7]

a dwp1r anddwpys are the frequency separation values for the corresporfiihgignal in the free and bound stat@spit = (dwp1 — dws), dwpzt = (dwn2
— dws). Signs ofdwpir and dwpyr are set according to the signs of the prothrombin-induced chemical shifts in the initial parameter list prior to Matlab
optimization. Row denoted /1 corresponds to the Monte Carlo samplings performed independentlysfowldueas rows denoted /3 correspond to the
simultaneous three-site optimizations using data of three residues, Bher, and lles. The values in th@, columns correspond to the prothrombin/ligand
ratio of ~1:45.

in the two-site analysis, while the appareRt, of Glusy scheme. Importantly, the calculatkg; value was not strongly
decreased (275% 50 and 370+ 65 s at 500 and 800 MHz, compromised upon the addition of the second bound state to
respectively) as compared to that in the two-site exchange modelthe model.

(Table 1). Treatment of Gk as an independent association The “forked” three-site mechanism (Figure 2D) did not give
dissociation site, undergoing conformational exchange on the additional insights in the explanation of experimental results,
protein surface (Figure 2C), yields smaller apparest and even if Ry, was presumed to be different in the two bound

largerp, = po1 + po2 (~6.0%) values, but it is again not fully ~ complexes. The fitted curves either did not produce physically
consistent with the behavior of Plaeand lley sites since the meaningful parameters (for example, negative kinetic rate
total bound population of Ghi becomes larger than the bound constants and populations were produced) or were similar to
populations for the Plgllesy sites in the two-state analysis. In  the two-site exchange treatmentkifi was assumed to be equal
other words, Gly; appears to spend more time in the “bound” to ko2 (data not shown).
state than Phg and llgg, which is not consistent with the In a general three-site exchange mechanism, the presence of
applied model. It is worthwhile to note that in the formal three- two dissociation pathways as well as an exchange between two
state exchange description (Figure 2B) the actual separation ofcomplex conformers is presumed (Figure 2B). Simultaneous
“bound” state from “free” state at the residue level is mainly fitting of all eighteen dispersion curves for the three residues
reflected in the large difference between the intririRig and Pheg, Glus7, and lleg at three prothrombin concentrations
Ry values. In this respect, although it is easy to imagine a assuming the same kinetic exchange parameters for édry
situation when a residue is not interacting (or interacting only peak is shown in Figure 5b. The fitting gakg* = 2200+
weakly) with a prothrombin surface in one of the two bound 1600 s, ky2 = 2700+ 500 s'1, ko?P = 23504 300 s, k;
states in theN-acetyl-Hir(55-65)-prothrombin complex, it =60+50s1, ky =90+ 90 51, kex = k; + ko = 1504 130
would still be in the “bound” state, since &, would be closer s% po1= 1.5+ 1.0%, Pz = 1.5+ 0.5%,Pp = Po1 + o2 = 3.0
to that dictated by the correlation time of the complex. Within 4 0.6%, Ry, = 160/2054+ 25/33 st at 500/800 MHz (Table
the limits of this definition, dissociation and association of all 2). The apparent dissociation rate conskggftPhas significantly
residues in the peptide occur simultaneously, regardless of theirless variability than each of the rate constagtg andky It
residue-specific behavior on the protein surface. means that fitting of the experimental curves may allow a
To “link” the process of associatierdissociation between  contribution of a state witky; values markedly different from
different 15N sites of the peptide, we performed the fitting of the average, but its contribution to the total bound species is
all eighteen dispersion curves for the three residuessPBkis7, either small or compensated in the averaged dissociation rate.
and lleg at three concentrations of prothrombin and at two Some of the fits produced result wikl or ko2 close to zero,
magnetic fields (Figure 5A and Table 2). The experimental which essentially corresponds to a “linear” mechanism.
curves were in agreement with the “linear” three-site exchange Parameter Estimation Using Simple Two-Site (On-Off)
model and yieldedty = 27104 130 s'1, ko2PP= 19204 370 Binding in the Presence of Alternate Binding ModesTable

s1, kg =4804 380 s, ky = 1504 70 S°L, kex = kg + ko = 1 and the foregoing discussions indicate that the relaxation
6404 430 s'1, ppy = 2.26 £ 0.13%,pp2 = 1.1+ 0.9%,p, = dispersion profiles may be treated by a phenomenological two-
Pb1 + Ppz = 3.3 £+ 0.9%, Ryp = 153/205+ 13/16 st at 500/ site binding model describing the peptigigrothrombin interac-
800 MHz. Here, we defin&q®P = (Pp1 x Koft® + P2 x Koit)/ tion. The fitted parameters for some residues, for examplegPhe

(Po1 1+ Pu2) @s an apparent population-weighted dissociation rate and llesyg, are in good agreement with physically meaningful
for a general three-state system. In the “linear” three-site two-site models, that is, with reasonaplgand comparabl&y
exchange modek? is equal to zero, and the expression for values. Residue Giy on the other hand, had a significantly
Kofi?PPbecomepni x Koft/(Po1 + po2). Overall, the “linear” three- decreased, value for the two-site model. All residues had
site exchange scheme is more consistent with realistic apparensomewhat or significantly increasédy, values over what can
Rop and pp values than those found in the two-site exchange be expected of a proteirpeptide complex with the size ef72
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Figure 5. Fits of 15N relaxation dispersion curves for the peptecetyl-Hir(55-65) in complex with human prothrombin to three-site exchange schemes.
All eighteen curves were fitted simultaneously to experimental data using the (a) “linear” and (b) “full” three-site exchange scheme shown2n Figure
Experimental conditions and labeling are the same as those in Figure 4.

kDa. The decreasepl, can be understood as resulting merely In other words, existence of dissociation-incompetent conforma-
from the presence of dissociation-incompetent species for thetions reduces the apparemjto the value ofpy:.
peptide-prothrombin complex by use of the three-site exchange  Figure 6 shows the effect of introducing exchange, that is,
mechanism (Figure 2). For example, for the “forked” model the increase dt; andk,, between the two bound conformations,
(Figure 2C), implying very slow exchange between the bound one of which is dissociation-incompetert2 = 0). Indeed,
species K1 ~ ko ~ 0), the observed magnetization of the free the absence of a slow conformational exchange gives rise to

peptide nuclei in the fast CPMG pulsing limit can be shéiwh reduced plateau values of the dispersion profile, as predicted

to decay with the following rate constant: by eq 4a. As the rates of conformational exchange go up, there
is a general increase of the transverse relaxation rates of the

R (1t cpyc— ©) = PRys + Po/ (LR, + 1iky™) + peptide at all repetition rates of the CPMG pulse. At a very

1R, + 1k (4 slow rate of conformational exchangk2 = ks = k, = 1
Pod/(1Res orr) (4) s71), the extracted kinetic and relaxation parameters were, as

where it is assumed that the two forms of complexes have the gxpected, practically identical to the parameters of fast exchange

same transverse relaxation rates, thaRig; = Rony = Rop. In involving only one bound conformation, gkungd1. With the

ine resence of  dssociaion-nompetent spoe (-0), e e low puking prtof e cloction dsperse
eq 4 becomes, assumitg! > Rop, P q

sensitive to the slow exchange at the lowi\ frequency (50.6

effq N o R+ Tk A " MHz). This perturbation is manifested as an apparent decrease
Ry (Mrcpme™ @) = PiRar + Poy/(1/Ry Kot ) % PrRes in kofr, @ further decrease im, and a large increase Ry, (Table

PoiRap (4a) 3). The always opposing and partly compensatory changes in
12440 J. AM. CHEM. SOC. = VOL. 125, NO. 41, 2003
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12 F Table 4. Kinetic and 5N Relaxation Dispersion Parameters of the
N-Acetyl-Hir(55—65) Peptide in Complex with Human Prothrombin
for a Two-Site Exchange Scheme at Different Temperatures
(Protein/Peptide Ratio ~ 1:30)@

residue/T T,K Ko, S71 Swy, ppm Po, % Ray [R2x(800)], s7*

Phe56 298 2158100 —4.2+0.2 2.53+£0.15 190+ 7 [303+ 18]
Phe56 288 128850 —3.4+0.1 4.18+0.15 150+ 5[226+ 9]
Phe56 278 9340 —3.1+0.1 4.92+0.17 1714+ 5([257+ 8]
Glu57 298 203Gk 200 3.5+0.4 1.924+0.21 4004 40 [513+ 58]
Glu57 288 120Gt 90 1.9+ 0.2 5.02+0.21 194+ 26 [238+ 34]
Glu57 278 500Gt 50 1.5+0.1 7.18+0.45 201+ 13[259+ 19]
Glu58 298 221Gt 90 43+ 0.3 4.86+0.39 160+ 7[248+ 17]
Glu58 288 1450t 50 4.1+ 0.2 5.49+0.22 147+ 4[254+ 11]
Glu58 278 111Gt 50 4.2+ 0.1 5.27+0.19 204+ 5[282+ 8]
lle59 298 2260t 100 —4.5+0.2 4.41+0.28 193+ 8[312+ 18]
lle59 288 1176£t50 —4.0+0.1 6.01+0.20 189+ 5[280+ 10]
lle59 278 102050 —3.6+0.1 5.86+0.22 260+ 9[345+ 12]

500 1000 1500 2000 2500

/teouar 8 a|ntegration windows of 6(F2x 16(F1) points at 500 MHz and 4(F2)
Figure 6. Influence of the slow conformational exchange in fast- x 12(F1) points at 800 MHz were used for residue 4glo increase the
dissociating peptideprotein complexes on the peptide relaxation dispersion accuracy of quantitation for very broad HSQC peaks (see Figure 3).
profile. The three pairs of the “experimental” data correspond to three

different values okex = ki + kp, which were generated using the linear -42
three-site model (Figure 2c) and eqgs 1 at #fd frequencies, 50.6 MHz
(O) and 81.1 MHz @). The best fits to the two-site exchange model are
shown as pairs of solid linekd = 2 s71), dotted linesKex = 200 s'1), and o -43 1
dash-dotted lines Kex = 400 s1). Only thekex was altered, whereas other °
parameters were kept constanpgt = pp2 = 1.22%,kort = 2000 S'1, Ry £
(500)=1.60 s, Rxf(800)= 1.44 s'1, Ryp(500)= 95 571, Ryy(800) = 119 g 444
s 1 dws = 0.0 ppm,dwp; = 3.0 ppm, anddwpz = 6.0 ppm. =
3
Table 3. Extracted Two-Site Exchange Kinetic and Relaxation :% -45
Dispersion Parameters for a Peptide 1°N Site Involved in a £
“Linear” Three-Site Exchange Mechanism (Figure 6)2 é
Kex, 57 Poz [Pea], % Ko, ST Oy, ppm Do, % Ras [Ras(800)], 5 -46 A
2 1.22[1.22] 1998 3.00 1.233 96 [120]
200  122[1.22] 1715 3.49 1.074 159 [198] 47 ‘ , ,
400 2.00[0.44] 1755 351 1.726 129 [162] 33 34 35 36
400 1.64[0.80] 1598 3.77 1.381 154 [194] 4
400  1.22[1.22] 1452 3.96 1.046 186 [233] 1000/T, K
400  0.80[1.64] 1336 4.05 0.719 229 [286] Figure 7. Eyring plots for residues Ph&(O), Glusy (O), Gluss (2), and
400 0.44[2.00] 1261 4.02 0.419 287 [354] llesg (€). Off-rate constants were calculated using a two-site model (details

in Table 4). The plots for residues RBeGluss, and llgg estimate the

aThe parameter&y, dwps, Po, and Ry, are the apparent kinetic and ent'halpy of activation AH") as 5.8+ 0.8 kcal/mol and the entropy of
relaxation parameters obtained by fitting “experimental points”, which were activation AS") as—24 + 3 cal/mol K.
generated using a “linear” three-site model (Figure 2c), to a two-site model.

The simulation considered the responses of the apparent two-site parameter: ; : ; : ;
both to the increase in the conformational exchange rate conlstant fo the Eyring equation (Figure 7) yielded estimates of the

ki+ko, while k; = ko, and to the relative contributions of dissociation- €nthalpy AH¥) and entropy AS') of activation as 5.8 0.8
competent and incompetent populations, while the total bound population kcal/mol and —24 + 3 cal/mol K, respectively, for the
poz + Po2 remains constant. True values ks, relaxation, and spectral . o : . .
parameters used to generate the data are listed in the legend of Figure 6.d'SSOC|aU0n of t.he tr.an5|e.nt.prothromb1pep.t|de complex. The
th t val dR be th ¢ apparent two-site dissociation rate for residues@ippears to

€ apparent values gh andRp, may be the consequence o be inconsistent with other sites at the lowest temperature used,

EEG bougdetry;:?r?dnm:q at th? fast puIs;lmg Ill_n;]'t’ which ;ncllédels that is, 5°C. The apparent intrinsic relaxation and spectral
€ product of these two values (eq 4a). The same tren asoparameters of this residue also had larger variations with the

exists for the extracted two-site parameters when the relative temperature than those for the other three residues (Table 4).

Sontnbungn ﬁ.fl thke d'.SSOC'at'Otn'CtotrEpettin: bpopu(:atlon |W ?S These temperature dependence data are again in agreement with
ecreased while keeping constant the fotal bound populationy, . foregoing analysis, pointing to the existence of additional

Po = Po1 + Pz and the ratee, of the conformational exchange 04 conformations for residue Gluwithin the transient

(Table 3). ] o )
Temperature Dependence of the Dissociation Rate Con- ;?g?ﬁrlggg;tween thid-acetyl-Hir(55-65) peptide and human

stants Determined by a Two-Site AnalysisThe peptide!>N ] )
relaxation dispersion profiles were also collected at three Discussion

different temperatures for thg-acetyl-Hir(55-65) peptide in The prothrombinr-peptide system is representative of many
complex with human prothrombin (Table 4 and Figure 7), with protein-ligand interactions, whereby the fast dissociation of the
an approximate prothrombin/peptide ratio-e:30. The off- complex leads to decreased binding affinities and reduced
rates were calculated for each residue using a two-state modelfunctional activities of the ligand molecules. In addition, these
The two-siteky values of residues Pkg Glusg, and llgg all transient proteirtligand complexes may sample alternative
grow monotonically with temperature and are consistent with conformations in solution, making the binding energetics rather
one another within the experimental error. Fitting of the convoluted and difficult to deal with. Experimental means of
temperature dependence of tg values for these three residues quantitating fast dissociation kinetics would therefore be very
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valuable for a better understanding of the complex molecular high-affinity protein-ligand complexe4? Interestingly, the bind-

events in transient proteirfligand interactions. We followed the
changes if°N transverse relaxation dispersion of the selectively
labeledN-acetyl-Hir(55-65) peptide ligand, as a function of
the concentration of the binding protein, human prothrombin.
We are interested in how well a simple two-site binding model

ing surface of prothrombin for the peptide was shown to engage
in primarily hydrophobic interactions with a protein inhibitor,
with the binding driven mostly by entropic contributiofis.

A residue Glyy of the peptide displayed a relaxation behavior
suggesting the presence of alternatively bound states in complex

("bound state-free state”) describes the NMR relaxation behavior with prothrombin. Although the relaxation dispersion curves of

of the peptide and whether the dissociation rédig)(can be
extracted from>N NMR relaxation dispersion experiments. Our
results show that fast dissociation of protepeptide complexes

Glus7 could be fitted to a two-state exchange model, the apparent
transverse relaxation ratelRyf) for Glus; in the complex were
significantly higher, whereas the fraction of the peptide in the

can be studied quantitatively by a comparative analysis of the bound statefg,) was lower than those determined for Bfend

peptide!>N NMR relaxation dispersion profiles of a number of

lless. We established that more realistic valuesRaf and py

15N nuclei at two static magnetic fields. The experimental data can be obtained by extending the exchange model to a three-
analysis does not require precise peptide and protein concentrastate process and by the analysis of the pepfierelaxation
tions as long as the binding process can be described by a simplelata at all three prothrombin concentrations simultaneously. The
two-site exchange. The ability to follow the relaxation dispersion “linear” three-state model (Figure 2C) deduced for lis a
profiles for every’>N nucleus makes it possible to identify the natural consequence of the kinetic data obtained by stopped-
obviously inconsistent relaxation and kinetic parameters of some flow fluorescence spectroscopgJackman et al. demonstrated
residues, which may serve as indicators for the existence ofthat the binding of a hirudin peptide Hir(555) with thrombin
additional conformational exchange processes. Very importantly, can be interpreted in terms of the same two-step kinetic
the protein titration experiments were shown to improve the mechanism (Figure 2C). Although in the stopped-flow experi-
accuracy of the dissociation rate constants and other extractednents, the intrinsic fluorescence of thrombin was used to detect
parameters and, under certain conditions, make it possible toformation of the intermediates, it is feasible that the peptide

quantitate the rate of conformational changes within the
protein—peptide complex.

For the binding of the 11-residue antithrombin peptide with
human prothrombin, every one of the fit® labeled adjacent
residues of the peptide displayed slightly different relaxation
and exchange behaviors. Transverse relaxation of residug Asp
showed a very weak response to the complex formation,
implying a small change in chemical shift upon binding. This
is in accordance with the weak response of the binding affinity
of recombinant hirudin to the AggAsn amino acid substitutiéh
and of the hirudin peptide to the Agly replacemeng®
Residues Phgand lleg had significantly increased transverse
relaxation in the presence of prothrombin and followed a two-
site exchange model fairly well, independent of the prothrombin

would respond synchronously to the conformational changes
in the binding protein. It appears that both prothrombin and
thrombin may undergo similar conformational exchanges upon
binding of the peptide. In fact, the fittdd andk; rates for the
conformational change were on the order~af(®? s~* for the
prothrombin-peptide complex which is comparable with those
(~115 and~185 s, respectively) obtained for thrombin
peptide interaction& We also showed that thé& value
obtained from the “linear” three-site exchange scheme is
underestimated by a two-site model fitting but not dramatically.
For a site with alternative binding modes, the population-
averagedk.®PPrate constant is close to tkg: value obtained for
other residues (i.e., Phgand llesg), obeying two-site exchange.
To summarize, binding of the antithrombin peptide to

concentration. Both of these residues were shown to be prothrombin appears to involve complex kinetic processes, with

important for binding of all hirudin-based peptides and involved

in extensive hydrophobic interactions with thromBn® One

can estimate thKp for the interaction of thé\-acetyl-Hir(55-

65) peptide with human prothrombin to be approximately-100

300uM.*4451f one assumes thie, for N-acetyl-Hir(55-65) to

be in the range of 16-108 M~ s71, as reported for hirudin-

based peptide®;®°.7%we can calculaté,s = Kpkon as 16—10*

s71, in good agreement with thes value determined here by

use of15N NMR relaxation dispersion spectroscopy (Tables 1

and 2). In addition, the transient prothrombipeptide complex

appears to have a rather low enthalpy of activatiahl{~ 6

kcal/mol) and a much more negative entropy of activation

(—ASf ~ 24 cal/mol K) for dissociation in comparison to some

(65) Betz, A.; Hofsteenge, J.; Stone, S. Biochem. J.1991, 275 (Pt 3),
801-803.

(66) Yue, S.Y.; DiMaio, J.; Szewczuk, Z.; Purisima, E. O.; Ni, F.; Konishi, Y.
Protein Eng.1992 5, 77—85.

(67) Skrzypczak-Jankun, E.; Carperos, V. E.; Ravichandran, K. G.; Tulinsky,
A.; Westbrook, M.; Maraganore, J. M. Mol. Biol. 1991, 221, 1379~
1393.

(68) Qiu, X.; Padmanabhan, K. P.; Carperos, V. E.; Tulinsky, A.; Kline, T.;
Maraganore, J. M.; Fenton, J. \Biochemistry1992 31, 11689-11697.

(69) Skordalakes, E.; Elgendy, S.; Goodwin, C. A.; Green, D.; Scully, M. F;
Kakkar, V. V.; Freyssinet, J. M.; Dodson, G.; Deadman, Bidchemistry
1998 37, 14420-14427.

(70) Myles, T.; Le Bonniec, B. F.; Betz, A.; Stone, S. Biochemistry2001,
40, 4972-4979.
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some sites of the peptide showing predominantly a two-state
behavior, while other sites can sense additional bound states.
These kinetic processes can be studied quantitatively through
peptide NMR relaxation dispersion experiments at a number
of concentrations of the binding protein. The ability to dissect
at atomic resolution the kinetic events of weak and specific
binding of peptide ligands with large proteins, such as pro-
thrombin, offers exciting opportunities for probing ligand
interactions with pharmaceutically interesting but ill-character-
ized protein targets.
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