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ABSTRACT: A proline residue flanked by two polar residues is a highly conserved sequence motif in the
C&*- and carbohydrate-binding site of C-type animal lectins. Crystal structures of several C-type lectins
have shown that the two flanking residues are only observed to actZsligands when the peptide

bond preceding the proline residue is in the cis conformation. In contrast, structures of the apo- and
one-ion forms of mannose-binding proteins (MBPs) reveal that, when theldading site is empty, the
peptide bond preceding the proline can adopt either the cis or trans conformation, and distinct structures
in adjacent regions are associated with the two proline isomers. In this work, measurements-of Ca
induced changes in intrinsic tryptophan fluorescence, and fluorescence energy transfer from tryptophan
to Tb**, reveal a slow conformational change in rat liver MBP (MBP-C) accompanying the binding of
either C&" or Th**. The C&"-induced increase in intrinsic tryptophan fluorescence shows biphasic
kinetics: a burst phase with a rate constant greater thar i $ollowed by a slow phase with a single-
exponential rate constant ranging from 0.01 to 0.05(86 °C) that depends on the concentration of
C&". Likewise, addition of EGTA to Ca-bound or TB*-bound MBP-C causes a decrease in intrinsic
tryptophan fluorescence with biphasic kinetics consisting of a burst phase with a rate constant greater
than 1 s?, followed by a slow phase with a single-exponential rate constant of 0.063nscontrast,

Tb* fluorescence produced by resonant energy transfer from MBP-C decreases in a single kinetic phase
with a rate constant greater than-,9mplying that the slow change in tryptophan fluorescence monitors

a conformational change that is not limited in rate by ion dissociation. The rate constants of the slow
phases accompanying €abinding and release are strongly affected by temperature and are weakly
accelerated by the prolyl isomerase cyclophilin. These data strongly suggest that the binding of either
Ca&* or Th*" to MBP-C is coupled to a conformational change that involves thettass isomerization

of a peptide bond. Fitting of the data to kinetic models indicates that, in the absencé& pfi@aproline

in approximately 80% of the molecules is in the trans conformation. The slow kinetics associated with
cis—trans proline isomerization may be exploited by endocytic receptors to facilitate sorting of carbohydrate-
bearing ligands from the receptor in the endosome.

The C-type animal lectins are a diverse family of proteins mediated endocytosis. The MBPs are well-characterized
whose members contain a conserved'@ependent car- members of the C-type lectin family which are found in the
bohydrate-recognition domain (CRD(1). C-type lectins serum and liver of mammal2{4).

utilize carbohydrate binding for a wide range of purposes:  The three-dimensional structures of CRDs from seven
mannose-binding proteins (MBPs), pulmonary surfactant gifferent C-type lectins show that all possess a similar core
proteins, and the macrophage mannose receptor bind tOsirycture. In addition, classical C-type lectins which bind
carbohydrate-rich pathogen cell surfaces as the first step Ofcarbohydrates share a €ainding site (designated site 2
an antibody-independent immune response; selectins direct, tne MBPs B)) at which carbohydrates directly interact
the trafficking of leukocytes to sites of inflammation and \ith the bound C& as well as with amino acids that serve
peripheral lymph nodes; and mammalian and avian hepatic 5 ca+ ligands 6—9). In the MBPs, which bind to two C,
lectins selectively remove serum glycoproteins by receptor- ihis site is designated site 3)( The amino acid residues

"This work is supported by grant GM50565 from the National that comprise _thls binding site are hlg_hly conservgd, espe-
Institutes of Health. cially a tripeptide sequence of two €digands flanking a

*To whom correspondence should be addressed at Departmentcis-proline residue10). High-resolution crystal structures

of Structural Biology, Fairchild Building, Stanford University  of several C-type lectins5(9, 11—13) show that the cis-
School of Medicine, Stanford, CA 94305-5126. E-mail: weis@ . L P . . .
fucose.stanford.edu. Tel: (650) 725 4623. Fax: (650) 723 8464. proline positions the two flanking residues for interaction

! Abbreviations: CDTA, cyclohexyldiaminetetracetic acid; EDTA, with C&", and it is not possible to position these two residues
ethylenediaminetetraacetic acid; EGTA, ethyleneglycolfbetino- in a similar arrangement if the proline is in the trans
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MBP-C (equivalent to Pr§® in MBP-A) can adopt either
the cis or trans conformatioi4). The existence of alternate

Ng and Weis

column used for the first extract. The affinity column was
washed with 200 mL of loading buffer (25 mM Tris-Cl pH

conformational states for this peptide bond in the absence7.8, 1.25 M NacCl, 2.5 mM Cag), and the protein was

of C&", and the apparently strict requirement for the cis
conformation when C4d is bound, implies that the peptide
conformation must change for a subset o Gliee mol-
ecules upon the binding of €a

selectively eluted from the mannesBepharose column with
elution buffer (25 mM Tris-Cl pH 7.8, 1.25 M NacCl, 2.5
mM EDTA). The affinity-purified protein (approximately 10
mL x 0.15 mM) was adjusted to 12.5 mM CaCand the

The isomerization of peptide bonds constitutes a slow, rate-Protein was equilibrated at 37C for 10 min. Elastase was

limiting step in the folding of many proteins in vitrd.§).

added to a final concentration of 0.2 mg/mL, and the protein

Proline isomerization in peptides and proteins is a unimo- Was digested for 2.5 h at 3C. PMSF (0.5 mM) and 0.05%
lecular process with a half-life of tens of seconds to several Triton X-100 were then added to stop the digestion, and the

minutes at room temperature and physiological pb| L7).
Variations in rate likely depend on the coupling of the

sample was cooled on ice. This solution was loaded onto a
7 mL mannose Sepharose column at a flow rate of ap-

isomerization reaction to structural changes in adjacent partsproximately 0.5 mL/min. The column was washed with 5

of the protein. In addition to its well-demonstrated effects
on protein folding, proline isomerization can account for slow
conformational changes in folded proteiris,(19).

mL of loading buffer containing 0.05% Triton X-100,
followed by 10 mL of loading buffer without detergent, and
then 20 mL of elution buffer. EDTA was added to the eluted

In this paper, the conformational changes associated with Protein (approximately 6 mL at 0.2 mM) to a final concen-

the binding of C&" to MBP-C are probed by measuring the
effects of C&" on intrinsic tryptophan fluorescence. Ta

binding or release involves a fast bimolecular step and a slow

tration of 2 mM to ensure metal ion removal. The solution
was placed into a bag prepared from Spectra-por 4 membrane
that had been washed at 8G for 6 h infour changes of

unimolecular step. Fluorescence resonant energy transfeMilli-Q (Millipore) treated water. The solution was dialyzed

from tryptophan to TH' indicates that the fast step corre-

at 4 °C for 48 h against six changes of 0.8 L of reaction

sponds to ion binding or release. The rate of the slow phasePuffer (50 mM Tris-Cl pH 8.0 (measured at 2£), 100
of fluorescence change is slightly accelerated by the addition™M NaCl) which had been scrubbed of metals by passing

of the prolyl isomerase cyclophilin, and this acceleration ca

n over a column of Chelex-100. The concentration of the

be inhibited by cyclosporin A. The rate of the slow phase of dialyzed protein was estimated by measuring the absorbance

the fluorescence change is also very sensitive to temperatures

at 280 nm in 6 M guanidine-HCI, 10 mM bis-Tris-Cl, pH

These data suggest that the slow step corresponds to th&-2 and falcﬂating a molar extinction coefficiert £
proline isomerization that has been observed in structures14 420 M * cm™) (24) for the fragment of MBP-C spanning

of Ca*-free MBPs (4). Modeling of the observed kinetics
indicates that, in the absence of?Cahe conserved proline
in 80—85% of the molecules is in the trans conformation.

EXPERIMENTAL PROCEDURES

Materials Chelex-100 was obtained from Bio-Rad. ThClI
(99.99%) was obtained from Aldrich. EDTA, EGTA, and
CDTA were obtained from Sigma. Cyclosporin A was

residues 107226 (numbering from mature N-terminus, mass
13367). This fragment is 2 residues longer than the previ-
ously described subtilisin fragment)( and was identified
on the basis of the mass determined by MALDI-TOF mass
spectroscopy (mass 13 363) (Protein and Nucleic Acid
Facility, Stanford University) and the observation of the
C-terminal residue in several crystal structures (unpublished
observations).

Fluorescence Measurementsleasurements were per-

obtained from Calbiochem. Spectra-Por 4 dialysis membraneformed using an SLM 8000C fluorimeter with a 450 W lamp.

was obtained from Spectrum and treated as described in refvleasurements were corrected for fluctuations in lamp
20to remove metals and contaminants. All other chemicals intensity by dividing by the fluorescence of a rhodamine

were from J. T. Baker.

Protein Purification Rat liver and serum MBPs were
expressed irEschericia colias previously describe@®3).

sample measured simultaneously. Emission spectra were
recorded using excitation at 295 nm with an 8 nm band-
pass and emission slits set f@ 2 nmband-pass. Measure-

The proteins were purified using a procedure adapted from ments were corrected for background and Raman scattering

that used to purify recombinant chicken hepatic lec®g)(
Cell paste frm 5 L of E. coli was resuspended in 50 mL of
buffer A (10 mM Tris-Cl pH 7.8, 3 mM CagG) and stored
at — 70 °C. Cells were thawed, the volume was brought to
200 mL with buffer A, and 0.2 mM PMSF was added. The

by subtracting the fluorescence measured from a sample of
reaction buffer (50 mM Tris-Cl, pH 8.0, 100 mM NacCl or
25 mM Na-PIPES, pH 6.8, 100 mM NaCl; pH measured
at 22 °C). By using published values for the variation of
pKa as a function of temperaturgf, 26), we calculated the

extract was cooled on wet ice and subjected to 8 iterationspH of these buffers to be 7.6 and 6.7 at 6. Reactions
of sonication (Branson sonicator) for 30 s followed by rest with C&" were carried out at pH 7.6, whereas reactions with
periods of 1 min. NaCl was added to a final concentration Th®" were carried out at pH 6.7. The lower pH conditions

of 0.5 M, and the extract was centrifuged at 27¢® 30
min. The supernatant was passed through a@8ellulose
acetate syringe filter, and 200 mL of clarified extract was
loaded onto a 30 mL mannos&epharose23) column (10

x 3.5 cm) at a flow rate of 5 mL/minute. The pellet from
the first centrifugation was resuspended in 80 mL buffer A,
sonicated, brought to 0.5 M NaCl, clarified by centrifugation
and filtration, and loaded onto the same mannd&epharose

in the reactions with TH were necessary to avoid the
formation of Th(OH}) precipitates. Kinetic measurements of
intrinsic tryptophan fluorescence were made using excitation
light at 295 nm with 8 nm bandwidth and emission through
a 340 nm band-pass filter with full-width at half-maximum
of 4 nm. Tryptophan to TH fluorescence resonant energy
transfer was measured using excitation light at 295 nm with
a 16 nm bandwidth, and emission through a long-pass filter
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with 50% transmission at 510 nm. For time course studies, N N B

fluorescence intensity was integrated over 0.9 s and the step 15 - .3733323,. -

time was 1 s. Samples (2 mL) were magnetically stirred at | o

low speed in a thermostated cuvette holder. Samples were '

diluted into degassed, prewarmed reaction buffer and allowed

to equilibrate for 20 min prior to additions of &aor Th**. ]

Additions of C&*, Tb*", or chelator were made using-8 o ¢ .

ulL of concentrated solutions diluted in the reaction buffer. 051 ¢ %cg;v, 7

CaCl and ThC} stock solutions were normalized by titration | o ]

against a standardized stock solution of EDTA (Fisher) by &;.p
o o o . o

Siiing i the cuvetie was tumed o maximum immediately

. - . emission wavelength (nm)

before and for 10 s following the addition of either metal ] . s

. . .. Ficure 1: Ca&*-induced change in intrinsic tryptophan fluorescence

ions or chelators. The ha[f—ume for mixing was measured to intensity. The addition of 0.2 mM Cagfsmall dots) and 0.4 mM

be less than one second in control experiments by observingcacy, (large dots) to apo-MBP-C (open circles) causes a significant

the appearance of fluorescence upon addition of tryptophanincrease in fluorescence intensity and a small shift in the emission

to buffer. wavelength maximum. The addition of 1 mM EGTA returns the

. . fluorescence to the level prior to the addition oPCédiamonds).
Unless otherwise stated, the temperature of the sample ingpecira were recorded five minutes following the addition of GaCl

the fluorimeter was maintained at 86 using a water bath  or EGTA. Conditions are the same as for all other experiments (1
(Lauda). The temperature control was monitored using a M apo-MBP-C, 40 mM Tris-Cl, pH 7.6, 150 mM NaCl) involving
thermocouple in control experiments and shown to vary by the addition of CaGl except that the temperature was %2

less than 0.2C over the course of an hour. The temperature
in the cuvette was within 0.2C of the bath temperature, so
no correction was made for the small difference in temper-
ature between them. Temperature-dependent changes in pt-
which are particularly large for Tri®g), were compensated
for by adding small amounts of HCI to reaction buffers at
lower temperatures. Control experiments showed that the v
moderate variation of pH as a function of temperature did ../
not affect rates significantly even without adjusting the pH
in this manner.

Cyclophilin Catalysisk. coli cytoplasmic cyclophilin and
human cyclophilin A were purified frork. coli expression
systems as previously describe®8( 29); an additional
purification step using cation exchange chromatography on
either CM-cellulose or Mono S (Pharmacia) was added to
improve protein purity, as assessed by SIPAGE. For the Rgof:
purification of the human enzyme, 1 mM dithiothreitol was —e=£=%"
added to buffer solutions during purification and storage. The ~

i Aot FIGURE 2: Prox
enzymes were used within two weeks of purification and Ribbon diagrams of the portion of the MBP CRD proximal to the

did not show significant changes in activity over that time. 5 cz+-binding sites (designated 1 and 2 in panel A). The
Cyclosporin A was dissolved in 50% ethanol/50% water at conserved proline at Gasite 2 and the two conserved tryptophan

a concentration of 1 mM. residues in the hydrophobic core of the CRD are shown in black
. - (A) 2-Ca* MBP-C, (B) 1-HG* MBP-A, (C) apo-MBP-C copy 2

_Data Analysis The !(lnetlcs of flu_orescer_lce changes were (cis-Prd®), and (D) apo-MBP-C copy 1 (trans-P#. The structure

fit to single-exponential curves using nonlinear least-squaresgrawn in (A) was described in réf, and the other structures are

regression according to the following equation: described in the preceding papé#y.

Fluorescence
-
T
.- L ]
®
:}
R
- [ ]
I

F,=F,—[F.,— Fo]e_kt 1) formed using the.pro'grams KINSINB@ anq GEPA'SI’\GZ).
Parameters for kinetic models were fit using nonlinear least-

where Fo, F,, and F.. are the fluorescence at times p, ~ Sduares methods implemented in the program FITS38).(

seconds, and roughly-8.0 half-lives following the start of RESULTS

the reaction. To control for small variations in pipetting of

protein and in the placement of the cuvette in the fluorimeter, Equilibrium C&" Binding Monitored by Tryptophan
the fluorescence of each sample was normalized to theFluorescenceAddition of C&* to apo-MBP-C produces an
background-subtracted fluorescence of the initiad"cfeee intensity increase and a small shift in the position of the
sample, that is, before ions or chelators had been added. The@mission wavelength maximum in the intrinsic tryptophan
fluorescence of different samples typically differed by less fluorescence spectrum of the protein (Figure 1). The change
than 5%. Nonlinear least-squares regression was performedn fluorescence intensity likely reflects the proximity of the
using the Marquardt algorithm as implemented in the two tryptophan residues in the MBP-C CRD to the’Ga
programs KALEIDAGRAPH (Abelbeck Software) and binding sites §) (Figure 2). Cé&'-induced changes in
DATAPLOT (NIST) (30). Kinetic simulations were per-  tryptophan fluorescence have been reported for other C-type
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A B. +CaCl, +EGTA goes a small blue shift from 337 to 334 nm upon®Ca

) N binding.
p A binding curve relating tryptophan fluorescence to the
concentration of free Ca gives an apparent equilibrium
dissociation constanKgpy) of 85 M and an apparent Hill
coefficient of 1.3 (Figure 3A). The modest cooperativity seen
in this binding curve is consistent with structural data
indicating that the protein binds two &a(14), as well as
kinetic data presented below, and that the binding ¢f*Ca
involves more than two states with distinct molar fluores-
cence values. The value &y, inferred from tryptophan
fluorescence is lower than the previously published value
of 1.2 mM obtained from the coupling of protease sensitivity
and carbohydrate binding to &abinding in MBP-A 1).
Part of this discrepancy may be due to differences in the
C&*-binding sites of MBPs A and C. Although the geometry
of the C&"-binding sites in both proteins is very similar,
two aspartic acid residues that serve as ligands # Gite
1 in MBP-A are replaced by asparagine in MBP-C. The
discrepancy between values Ky, may also arise from

o ©
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T
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"o 300 206 300 400 500 500 520 540 560 580 600 differences in the way Ca binding couples to spectroscopic

time {s) tms {s) versus other indirect measures of?Céinding.
] 0.02f ] Kinetics of C&" Binding Monitored by Tryptophan
E megl & T el ] FluorescenceThe kinetics of the Cd-induced change in
he) xg;ﬁé ] B o [ etmg galafener ford wl ] ) X

& SREAE ] 8 TR T e tryptophan fluorescence are biphasic over the range 8f Ca

-0.02f ] -0.02f ] concentrations betweend®1 and 16 mM. A burst increase
A 500 520 58 Sy o of fluorescence occurs within the dead time of mixing

) _ o . (approximately 1 s), which is followed by a much slower
Ficure 3: Equilibrium and kinetic measurements ofGanduced . . . .
changes in tryptophan fluorescence. (A) The equilibrium level of increase (Figure 3B). The gmplltudes of both phases increase
fluorescence is plotted as a function of the concentration 8f.Ca  as the amount of added €as increased up to 1 mM. Above
The data have been fitted to the equatior= Fo + (Fmax — Fo)- 1 mM, the burst-phase amplitude continues to increase,
([Ce?*](Kapp + [C&2*]"), whereFmax = 1.89,Kqapp = 85uM, and whereas the slow-phase amplitude decreases. The slow phase

n=1.3. (B) Progress curves of fluorescence changes as a function ; - ;
of C&*. Apo-MBP-C (1uM) in 40 mM Tris-Cl, pH 7.6, 150 mM of the fluorescence increase fits very well to a single
NaCl was equilibrated at 36C for 15 min in the dark. Thirty ~ €xponential (Figure 3C), but the rate constant of the

seconds after starting the recording, stirring in the cuvette was €xponential varies as a function ofCaoncentration (Figure
increased to maximum and-46 uL of CaCl, solutions (2.5 mM 4A). The rate constant shows a bell-shaped dependence upon

— 2 M) was added, resulting in final concentrations of 5, 10, 15, cz+ concentration reaching a minimum value at 1 mMCa
20, 30, 40, 60, 80, 120, 160, 250, 375, 500, 750, 1000, 2000, 4000,0f 0.01 . and maximum values of 0.045 and 0.036 at

8000, and 16 00@M. Fluorescence measurements were resumed . .
approximatey 1 s following the addition of CaGl Four-hundred  the lowest and highest concentrations of Ctested. In a

and seventy seconds after the addition o¥'Caxcess EGTAwas  separate series of experiments at higher concentrations of
added to a final concentration of 0.5 mM for &aoncentrations Ca*, the rate constant of the slow phase plateaus at roughly
up to 250uM, and to a final concentration of 20 mM for the higher 0.04 s (not shown)

concentrations of Ga. The pH of each EGTA solution was ' '

adjusted to minimize the change in pH which results from the  Ca"-dependent changes in tryptophan fluorescence were
r%%qttjon C;flEG'\IAé V&t?cgé*- ane Slovﬁhphajg.? fOll?VXinSg t,tl/le measured over a wide range of protein concentrations to test
addition or L mii Lala (L), or lollowing the adaition or L.o m if inner filter effects or bimolecular binding events such as
EGTA to protein equilibrated with 1 mM CagXD), are fit to single aggregation affect the observed kinetics. The fluorescence

exponentials (eq 1), and the residudigs — Fead are plotted. of apo-MBP and C#-saturated MBP is linearly dependent
lectins, including rat hepatic lecti34), pulmonary surfactant ~ on protein concentration over the range of 89 nM to&\8
protein A 35), and herring antifreeze protei@). We have (Figure 5A), indicating that such effects are not significant
also observed Ca-dependent changes in tryptophan fluo- over this range of protein concentration. Furthermore,
rescence for MBP-A that are similar to those seen in MBP-C progress curves measured after adding saturatirig ©a
(not shown). The change in fluorescence upofGaldition apo-MBP over this range of protein concentration are
can be completely reversed by the addition of the divalent superimposable if they are scaled relative to the amount of
metal ion chelators EGTA (Figures 1 and 3), EDTA, and protein present in the sample (not shown). Finally, fitting
CDTA (not shown). The fluorescence intensity of apo- and the slow phase to a single exponential shows that the rate
Cé&"-bound MBP-C, and in particular the change in fluo- constant varies by less than 10% with protein concentration
rescence intensity upon adding ZCais very sensitive to  (Figure 5B). Thus, the slow phase of tryptophan fluorescence
changes in temperature. At 3C, the fluorescence intensity  change shows first-order kinetics with respect to protein
change is nearly 100% upon adding saturating amounts ofconcentration, and the variation in the rate constant of the
Ca&", whereas the change is only about 20% at°@0 At slow phase as a function of €aconcentration is not due to
all temperatures, the emission wavelength maximum under-a rate-limiting bimolecular binding event.
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Ficure 4: Rates and amplitudes of kinetic phases, compared with predictions from four kinetic models. Experimental observations are
derived from the experiment described in Figure 3. (A) The variation in the rate constants of the slow phase following the addiion of Ca
(open circles) and following the subsequent addition of excess EGTA (solid circles) is compared to the variation in rate constants predicted
by the kinetic models shown in Figure 6: model 1, fine dashed line; model 2, medium-fine dashed line; model 3; coarse dashed line; model
4, solid line. (B) Comparison of the final equilibrium fluorescence value with the kinetic models. (C) Comparison of amplitudes for the
burst phase increase following the addition of Ga@ith models. (D) Comparisons of the burst-phase amplitude decrease following the
addition of EGTA with models.

In parallel studies on a form of MBP-A containing the rate of change in tryptophan fluorescence (Figure 4A)
CRD and the adjacent trimerization domain?Gdependent  suggests a multistep mechanism that relates changes in
changes in fluorescence intensity show a more complextryptophan fluorescence to &abinding, with a fast phase
behavior where the amplitudes and rate constants of fluo-due to rapid ion binding and a slower phase due to
rescence changes are very sensitive to protein concentratiorconformational changes. The two most interesting features
(not shown). The mechanism responsible for the difference of these data are the decrease of the rate constant of the slow
in behavior of the MBP-A CRD plus trimerization domain phase as the concentration of added'Gacreases up to 1
compared to the data from the MBP-C CRD shown here is mM, and the increase of the rate constant of the slow phase
unclear. The effect may be due in part to aggregation, since,as the concentration of added“Cancreases above 1 mM.
unlike MBP-C (Figure 5A), a plot of fluorescence versus  Several kinetic models involving isomerization steps
protein concentration for apo-MBP-A shows a downward coupled to ion-binding steps were tested for their ability to
inflection over the range 50 nM to/M protein (not shown). model the changes in fluorescence as a function &f Ca

Mechanism of CH Binding The structural observations concentration. Of these, only the simplest models which
reported in the previous papet4) suggest that the burst successfully predict key features of the observed data are
phase of fluorescence may be due td'Chinding by the presented here (Figure 6). For each model, rate constants
fraction of molecules in which proline at site 2 adopts the and molecular fluorescence values, as well as the residuals
cis conformation, and that the slow step is due to the between predicted and observed progress curves, were
isomerization of the peptide bond preceding®rin those optimized by nonlinear least-squares minimization using the
molecules containing a trans proline in the absence éf.Ca programs KINSIM 81) and FITSIM @3) (Figures 6 and 7,
Prolyl peptide bond isomerization is a slow unimolecular and Table 1). The two simplest schemes (models 1 and 2,
process with rate constants in the range of-@D1 s* at Figure 6A,B) were used to model progress curves measured
36 °C (17). The effect of C&" concentration on the slow in the presence of GM to 1 mM Ca&", whereas two more
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0 e e, FiGure 6: Kinetic models. StatesyTand G represent forms of
0.01 0.1 1 10 MBP-C with the peptide preceding PP in the trans and cis

[MBP-C] (uM) conformations respectively, and whexedenotes the number of
C&" bound to the protein. Unimolecular isomerization rate

FiIGURES: Effects of protein concentration on fluorescence changes. constants:kyy, ko1, K'12, K21, K'12, andk’’,;. Pseudo-first-order rate
(A) The fluorescence of apo-MBP-C (open circles) and MBP-C constantsk[Ca?t], wherek = 10° M1 s71): kos*, kas*, K'23*, and
plus 1 mM Cad{ (solid circles) was measured in 40 mM Tris-Cl,  K3.*. Unimolecular C&* dissociation rate constant&s,, ks, K32,
pH 7.6, 150 mM NaCl at 36C. The protein was allowed to  andks.
equilibrate for 15 min following dilution and 8 min following the
addition of CaCl. (B) The rates of the slow phase following the py the following relationships3g):
addition of 1 mM Cadl (solid circles) to apo-MBP-C and the slow
phase following the addition of 2 mM EDTA (open circles) to -1_ 2 1/2
MBP-C equilibrated with 1 mM CaGlwere fit to a single- 7, - =[M+(M"—4aN)T)2 (2a)
exponential decay (eq 1), and the rate constants are plotted against
the concentration of protein. 7, T=[M— (M?— aN)¥3/2 (2b)

complex schemes (models 3 and 4, Figure 6C,D) were usedwhere
to model progress curves measured in the presencebf 5

to 16 mM Ca&". In addition, the parameter fitting for each M=Ky, + koy + K5 + kg,

model included data from an additional progress curve that N = Ky (Kps* + Kg) + KyiKgo

was recorded after adding excess EGTA t¢'Gsaturated

protein. Under the conditions of the experiment,* > 7,1 andkyg*,

A simple three-state model consisting of a slow, reversible ks> ki, ko1, leading to the following simplified forms3@)
unimolecular isomerization followed by a €abinding step

with a first-order dependence onTaoncentration (model r[l = Ky5* + Ks, (3a)
1, Figure 6A) qualitatively models the decrease in rate
constant as the concentration ofCas increased from 5 T, "= Kyp + Ko/ (1 4 Kys*TKsy) (3b)

uM to 1 mM. Analytical expressions can be derived for the

time-dependent concentrations of all species in this model, Because all measurements were made on a time scale of
given initial conditions and rate constan®7(38). In the secondsy; is not precisely defined by the current set of
experiments reported here, the bimolecular step involving experiments. However, a lower bound of 1 €an be set
C&" binding is pseudo-first-order (denotedkag in Figure for kx3*, as only a single slow exponential phase is seen
6A; all pseudo-first-order steps involving bimolecular’Ga following the initial burst phase. lk,s* = k|Ca"] (Figure
binding steps are denoted by asterisks in this paper), becauséA), wherek is the bimolecular rate constant, thier 10°

the amount of CH present is in excess over the amount of M~'s™% Values ofk < 10° M~* s™* produce progress curves
protein, and the concentration of €as effectively constant  in which the rate constant of the burst phase at low
during the measurement of the progress curve. Thus, for theconcentrations of G4 is slower than that observed by
three-state case, the time-dependent concentration of eacimanual mixing. This lower limit on the bimolecular rate
species can be described as the sum of two exponentials witttonstant is reasonable in light of studies on the binding of
time constants that are related to the kinetic rate constants Ca* to small molecule chelators and EF-hand Chinding
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Ficure 7: ResidualsKq.s — Fcag between observed progress curves and progress curves predicted by kinetic models. The 20 progress
curves shown in Figure 3B were fit to four different kinetic models (Figure 6) using FITSIM. The amount of &d&ld prior to the
recording of each curve is denoted above each progress curve at the top of the figure. Only the first 270 s of the progress curves following
the addition of CaGlto apo-MBP-C were included in the fitting to avoid overweighting the final equilibrium fluorescence values. Each
box along the horizontal axis shows the first 270 s of the progress curve (top panel) measured &t tan@antration shown at the top.
Residuals for the four kinetic models shown in Figure 6 are shown in the lower panels, plotted underneath the corresponding progress
curve. Models 1 and 2 (Figure 6A,B) are fitted only to the first 15 curves, and the curve produced after the addition of 1.5 mM EGTA to
protein equilibrated with 1 mM Caglbecause these models cannot fit the increase in rates seen at higher concentrations (fe€aCl
Figure 4A). Models 3 and 4 (Figure 6C,D) are fitted to all 19 curves, as well as the curve produced after the addition of EGTA to the
Ca&*-bound protein.

proteins, where rate constants are typicall§-40° M1 s? values of the dissociation rate constants for al"@&lease

for chelators 40, 41) and 16—10° M~* s for EF-hand steps ka2, kaz, K'32, andk43) may also be up to 10-fold lower
proteins 42). According to eq 3b, the Ca concentration or 100-fold higher than the values reported in Table 1. The
dependence of the rate of the slow phase is sensitive only toratios of pairs of association and dissociation rate constants
the ratio ofk,3*/ ks> S0 long ak = 10° M~1 s7L. In this study, for each equilibrium have much lower errors, but the values
the bimolecular rate constakthas been set to 8011 st of the errors are difficult to estimate. The errors on the
during parameter optimization using FITSIM, but the real parameters reported in Table 1 are lower estimates from the
value may be up to 10-fold lower or 100-fold higher. linear approximation of the error in the nonlinear regression
Likewise, the values of the other pseudo-first-order rate algorithm.

constantsiz4*, K'23*, andk'z4*) in the four models in Figure Optimizing the parameters of model 1 (Figure 6A) using
6 were calculated by assuming that the bimolecular rate FITSIM shows that this simple mechanism accounts for the
constantk was 10 M~! s Because the experiments decrease in the rate of the slow phase as the concentration
reported here only define the ratioska§*/ kaz, Kss*/ Kaz, K 23* of Ca* increases (Figure 4A). However, a closer examina-
K32, andK's4*/K 43, it is important to note that the absolute tion of the residuals from progress curves predicted by model
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model introduces two additional parameters, and refining the
parameters using FITSIM leads to a model which quantita-

Table 1. Refined Kinetic Parametérs

molar initial - S . .
fluorescence concentration tively accounts for all of the kinetics observed at physiologi-
rate (s9) (10° x M-Y) (uM) cally relevant levels of Ca below 1 mM.

A. Three-State Model (Model 1) The increase in rate constant at concentrations éf Ca
ki 0.0098+ 0.00005 | 0.905+0.0008 T 0.80 that are higher than physiological levels can be modeled by
kni  0.0404+0.0003 G 12940002 G 0.20 more complex five-state and six-state models (models 3 and
ko (10°M~1s7)) C, 2.00+ 0.002 ; - : - :
ko 209+ 15 4, Figure 6C-D, Figure 7). These models invoke physically

' ’ reasonable intermediates, but contain too many parameters

B. Four-State Model (Model 2) to be uniquely defined by the experiments reported in this
ki 0.0113+000002 F 0.933+0.0003 %  0.80 uniquely det y xpen P in-thi
koo  0.05214+0.0002 G 1.31+£0.0008 G 0.20 study.

Kj* (115(;3‘;'2’5 i’l) G i-ggi 8-886‘6 In each model shown in Figure 6 and Table 1, the ratio of
z* (10'6 V-1 s G L ' ki, andk,; indicates that, in the absence of4Ca80—85%
ks 124+ 1 of the molecules contain the conserved proline at site 2 in

C. Five-State Model (Model 8) the trans qonformatlon. This ratl_o is similar to that seen in
ki 0.0089+ 0.00003 | 0.947+0.0004 T 0.85 small peptides in aqueous solutiol6).
kpy  0.0518+0.0003 T 2.13+0.01 G 0.15 i iati + . i iti
i 000TO£00001 G 1300001 of CaF+ Chelatos The aadiion of G chelators with fac
K21 0.00414+0.0001 G 2.12+0.008 e N e .
ko (L0°M-1s1) C, 1.87+0.0004 binding kinetics causes a reduction in the concentration of
ks 25.4+0.2 free C&* to subnanomolar levels within fractions of a second
Koa* (911067';’!_21(33_1) (40). When C&' chelators are added to &acontaining
::f‘;* (10'6 M—l's—l) samples of MBP-C, the tryptophan fluorescence decreases
Kz 23900+ 500 to the original level before exposure toT4Figures 1 and

D. Six-State Model (Model 4) 38). The.kin.etics of this qu_orescence decrease i; biphasic,
ki 0.0109+ 0.00004 T 0.9344+0.0003 T 0.82 like the kinetics of the Cd-induced fluorescence increase.
key  0.0515+0.0002 & 1.10£0.01 G 0.18 A burst phase occurs faster than the dead time of mixing,
Elz 8.88?);&06088308 b igii 8-88? which is followed by a slow phase that fits a single
k.?llz 0.049.£ 0.0006 g 1831 0.005 exponential (Figure 3D). Unlike the slow phase following
K'5,  0.000-+ 0.000 G 1.87+ 0.0006 the addition of C&', the rate of the slow phase following
kgt (10°M~1s7)) chelator addition does not vary significantly over the range
ke 221+£01 of Ca&* concentration from %M to 16 mM (Figure 4A).
k4‘3‘ (11201'3 s The amplitudes of both slow phases increase in a sigmoidal
Ky (10°M-1s7) fashion as the amount of €aadded to the protein (prior to
K3, 5790+ 390 the addition of the CA chelator) is increased (Figure 4C
K3 (10°M~'s™) D). Relatively small variations in the rate constants are seen

Kas 6110+ 280 at the extremes of Ca concentrations, which can be
aRate constants marked with asterisks denote pseudo-first-order rategttributed in part to two distinct experimental limitations.

constants set to 20 s* [Ca?"]. The three- and four-state models At 1o\ concentrations of G4, the determination of the rate

were fitted to progress curves measured following the addition of 5, . ' .

10, 15, 20, 30, 40, 60, 80, 120, 160, 250, 375, 500, 750, and AKOO constant is less accurate becguse of the small amplitude of

CaCh, as well as the curve measured following the addition of 1.5 the fluorescence change. At high concentrations 6f Ghe

mM EGTA to the protein equilibrated with 1 mM CaClIThe five- determination of the rate constant is less accurate because

and six-state models were fit to these sixteen progress curves, as welkhe reaction of EGTA with CA releases millimolar amounts

as curves measured following the addition of 2, 4, 8, and 16 mM £aCl f protons which overwhelm the capacity of the buffer and

Refined parameters, standard errors, and the sum of square residuajJ p pacity .

were computed using the program FITSIG3). ® Sum of squared induce secondary effects on the rate of reaction between

residuals 0.620, 4165 data points, and 8 free paramétstsn of chelator and metal, as well as on the fluorescence of the

squared residuals 0.077, 4165 data points, and 10 free parami&ars. protein itself. Nevertheless, at least over the range of-8401

of squared residuals 0.206, 5249 data points, and 14 free parametersmM Ca2+. the rate constant does not vary more than 10%.
eSum of squared residuals 0.084, 5249 data points, and 18 free . ' Lo
parameters. As in the case of the C&-binding phases, the rate constant

of the slow monoexponential decrease in fluorescence

1 reveals systematic deviations (Figure 7) which suggest thatfollowing the addition of chelator does not vary significantly
it is only a crude model of the physical system. Changing as @ function of protein concentration over the range from
the order of the binding step relative to the isomerization, 0-09 to 2.9uM (Figure 5B). The rate of the slow phase
or g|V|ng the Ca+_binding Step a Second_order dependence f0||OWing the addition Of Che|at0r to Ga'bound protein iS

on Ca&' concentration (i.elkes* = K[Ca"]?), both worsen first-order with respect to protein concentration, which
the fit of the model (not shown). An alternative explanation SUpports the interpretation that the slow phase is associated
for the poor fit of model 1 to the data might be the presence With a unimolecular conformational change in the protein.
of additional intermediate states. A physically reasonable Demonstration of Fast lon Dissociation Followed by Slow
intermediate state which is not found in model 1 is a ##Ca  Protein Conformational Change using Fluorescence Reso-
intermediate bridging the 0 and 2-€astates. Inclusion of  nant Energy Transfer to Pb. Biochemical and structural
this intermediate leads to a four-state model (model 2, Figure studies indicate that lanthanides mimic the binding of'Ca
6B) that better fits the observed kinetics (Figure 7). This to MBP-A (5, 21, 43). Replacement of Ca with Tb®" is
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Ficure 8: Effects of TB" binding on intrinsic tryptophan
fluorescence and fluorescence energy transfer. At 20 s following
the start of recording, ZM TbCl; was added to 0.3GM apo-
MBP-C in 25 mM NaPIPES, pH 6.7, 100 mM NaCl, 36. Two-
hundred and eighty seconds later, 2 mM EDTA was added. (A)
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20 nM. These observations differ from measurement&gf

for the binding of H8" to MBP-A. Limited proteolysis and
carbohydrate binding coupled to Fobinding yield values
for Kapp Of 36 and 43uM, respectively 21). As discussed
above for C&", these higher values may reflect the replace-
ment of two aspartic acid residues with asparagine ifi Ca
site 1 of MBP-C, or differences in the behavior of o
versus TB". The previous experiments may also have given
higher estimates oK, because of the higher protein
concentration used (28M with MBP-A versus 20 nM with
MBP-C) or differences in buffer conditions (50 mM Tris-Cl
pH 7.8 with MBP-A versus 25 mM Na-PIPES pH 6.7 with
MBP-C).

A plot of energy transfer as a function of ¥bconcentra-
tion (not shown) produces a slightly different binding curve
compared to that determined by tryptophan fluorescence, but
the tight binding and the weaker energy transfer signal
compared to tryptophan fluorescence prevent the determi-
nation of an accurati,p, The binding of TB" to MBP-C
results in a net increase in tryptophan fluorescence even in
the presence of energy transfer, presumably because the
energy transfer is weak and does not significantly reduce
the gain in guantum yield due to the *binduced change
in the environment of the tryptophan residues (Figure 2).

The kinetics of TB-induced changes in tryptophan
fluorescence and energy transfer is similar to the kinetics of
C&"-induced changes in tryptophan fluorescence, with one
important exception. For both tryptophan fluorescence and
energy transfer, the addition of Tbto the apoprotein gives
rise to a burst phase and a slow phase (Figure 8A), the latter
of which can be fit to a single exponential. For tryptophan

Intrinsic tryptophan fluorescence was measured using a 340 nmfluorescence, the addition of a ¥tchelator (such as EGTA,

band-pass filter. (B) Fluorescence resonant energy transfer from

tryptophan to TB" was measured using a 510 nm high-pass filter.

The level of fluorescence detected above 510 nm does not return

EDTA, or CDTA) causes a biphasic decrease in fluorescence,
where the rate of the slow phase is identical to that seen

to the original level following the addition of EDTA because the UPon adding chelators to €asaturated protein. However,

Th¥*—EDTA complex fluoresces weakly. The difference between

the change in energy transfer upon adding chelator is fast

the level of fluorescence after adding chelator and the level before and monophasic (Figure 8B).

adding TB* is the same as the level of fluorescence from the same

amount of TB* added to the buffer plus chelator in the absence of
protein (not shown).

advantageous because the intrinsic fluorescence Gfdan

The clear difference between tryptophan fluorescence and
energy transfer upon the addition of chelator suggests that
the burst phase is associated with a fast ion dissociation
process, whereas the slow phase is a protein conformational

be excited through nonradiative resonant energy transfer fromchange not limited in rate by ion dissociation. This inter-

tryptophan residues near the bound™T@4). In this process,
light at 295 nm is absorbed by tryptophan in MBP and energy
is transferred to TY, leading to the emission of light at

pretation is consistent with the observation that the rate and
amplitude of the slow phase are independent of the identity
of the ion bound to the protein or of the kind or concentration

545 nm. Accompanying this process is the less efficient direct of the chelator, so long as the chelator is added in excess.

excitation of fluorescence from free ¥ Monitoring TB*"

These observations are also consistent with kinetic schemes

fluorescence at 545 nm therefore corresponds to directthat include a slow, unimolecular prolyl peptide-bond

observation of ion binding and dissociation, independent of
protein conformational changes.
The addition of nanomolar amounts of*Ttio apo-MBP-C

isomerization step preceding one or more fast'@anding
steps (Figure 6).
Temperature Dependence of Tryptophan Fluorescence

induces changes in tryptophan fluorescence that are similarChanges Because the rate of prolyl peptide-bond isomer-

to those induced by micromolar amounts of?CéFigure
8), indicating that Th" can substitute for Ca in this protein.
A binding curve similar to that performed with &acould
not be performed under conditions where the amount &f Th

ization is known to be very sensitive to temperature, the rate

of the C&"-dependent change in tryptophan fluorescence was

measured as a function of temperature. The rates of the slow
phase of tryptophan fluorescence changes updéh @ading

was in excess of the amount of protein, because of the tightor chelator addition show a strong temperature dependence

binding. At the lowest level of protein (20 nM) yielding

(Figure 9). Arrhenius plots over the range of temperature

reasonable titration curves, the apparent dissociation constanfrom 21 to 42°C are linear and the slopes correspond to

is roughly 30 nM at pH 6.7, 36C. Under these conditions,
the amount of free TY is significantly reduced from the
amount added, indicating an upper limit i€, of roughly

activation enthalpies of 26 kcal/mol for the fluorescence
increase coupled to €abinding and 39 kcal/mol for the
fluorescence decrease coupled to chelator addition.
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. fluorescence change. Rate constants for the slow phase following
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| addition of 1 mM EGTA to the protein equilibrated with €aB)
are plotted versus the amount of human cyclophilin added to the
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Ficure 9: Arrhenius plots. The natural logarithm of the rate Plus 5uM cyclosporin A.

constant of the slow phase following the addition of 0.5 mM GacCl i ;
0 0.54M apo-MBP-C (A) and the subsequent addition of 1 mM Cyclophilin Catalysis of Tryptophan Fluorescence Changes

EGTA to the protein equilibrated with €a(B) is plotted against CVC|OP_hi|iUS are ubiquitous enzymes which catquze the
the reciprocal of the absolute temperature. The data are fitted toiSOmerization of prolyl peptide bonds in small peptides and
the equation Irk = In A — EJ/RT. The slopes givé&, = 26.7 and exposed protein loopgY). The addition of purifiecE. coli

39.4 keal/mol, which correspond tH* = 26.1 and 38.8 kcall  and human cyclophilins to MBP-C slightly accelerates both
mol, calculated according to rés. the rate of the slow phase of fluorescence increase up®h Ca
binding and the rate of the slow phase of fluorescence
decrease upon chelator addition (Figure 10). The rate
acceleration is proportional to the amount of cyclophilin, and
in the case of human cyclophilin, the rate acceleration can

According to the kinetic schemes described previously
(Figure 6), the rate constant for the slow phase following
the binding of C&" reflects the single microscopic rate

constant for the conversion of apo-MBP-C containing rans- pe negrly fully inhibited by the addition of @ cyclophilin
Pro®!to the form of the protein containing cis-Pthbecause  inpipitor cyclosporin A (Figure 10). These observations are

the bimolecular C#-binding steps are much faster than the nsistent with the proposal that the slow phase is due to
unimolecular conformational change (eq 3a). In contrast, the proline isomerization.

rate constant for the slow phase of the fluorescence change aqdition of an equimolar amount of cyclophilin to MBP-C
following the addition of EGTA is the sum of two micro-  produces a rate enhancement of only about 20%. Assuming
scopic rate constants for the interconversion of cis and transinat thek,, for MBP-C as a substrate is in the millimolar
forms of Pré®* (eq 3b). The activation enthalpies for the range (or higher), as measured for peptide substra®s (
slow reactions are higher than those reported for proline the apparenk../Kn for the reaction can be estimated by the
isomerization reactions in small peptides and denatureddependence of the rate of the slow phase on the concentration
proteins, which are typically about 20 kcal/mol7. of the enzyme added. For the human cyclophiia/K is
Experimental errors such as inaccurate temperature controls50 M1 s~ for the on reaction and 1820 W s for the

or changes in pH due to temperature have been carefullyoff reaction. These rate enhancements are at the low end of
controlled and cannot account for these relatively large the range reported for the cyclophilin-catalyzed isomerization
values. The high activation enthalpies associated with the of prolyl peptide bonds in partially folded proteirgdj and
slow tryptophan fluorescence changes in MBP-C are con- are 2-3 orders of magnitude lower than rate enhancements
sistent with computationatb) and experimental) studies seen for small peptide substraté8) Inefficient catalysis
which suggest that steric restrictions on either ground-stateof proline isomerization in a wide range of proteins has also
or transition-state prolyl peptide conformations can have large been attributed to the poor accessibility of prolyl peptide
effects on activation enthalpies and kinetics. bonds to the rather restrictive active site of cyclophib@,(
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51). An attempt to dock the prolyl peptide of apo-MBP-C determined by the relatively small conformational changes
into the active site of human cyclophilin shows that adjacent accompanying the rotation of side chain and main chain
loop regions clash with surface loops in cyclophilBR). torsion angles about single bonds. In contrast, molecules of
Despite the modest catalysis by cyclophilin of the slow apoprotein with a trans peptide bond preceding'Prmust
fluorescence change in apo-MBP-C, the specific effects of undergo large conformational changes, including a°180
cyclophilin on the rates of fluorescence changes clearly rotation about a peptide bond, before being able to bind to

indicate that prolyl peptide-bond isomerization accompanies
both C&" binding and release.

DISCUSSION

Structural Basis of Kinetic Obseations The kinetic
measurements reported in this paper suggest that a slow
unimolecular prolyl peptide-bond isomerization event pre-
cedes the binding of Ca to apo-MBP-C. Likewise, the
removal of C&" from MBP-C is followed by a slow, prolyl
peptide-bond isomerization. The mechanistic schemes tha
are required to explain these observations can be interprete
most clearly by reference to the structural observations
reported in the previous papet4).

Model 2 in Figure 6B best describes the data presented
here and explains all kinetic observations at physiologically
relevant concentrations of €a(i.e., less than or equal to 1
mM). This scheme invokes a slow isomerization reaction
between the two states,@nd To, which may be interpreted
as alternative forms of the apoprotein containing either a cis
or trans peptide bond, respectively, preceding'Pras
observed in the crystal structure ofCdree MBP-C (Figure
2C,D; also see refld). The slow rate of interconversion

ca'.

The variation in rate as a function of the amount of added
C&" suggests that the binding of €ainvolves a sequence
of two reactions, in which the rate of the second, slow
reaction is dependent on the concentration of*CAs the
concentration of CHd is raised (up to at least 1 mM), the
rate constant of the slow phase following ?Cébinding
decreases (Figure 4A). The mechanisms presented in models
1 and 2 (Figure 6A,B) indicate that the relaxation rate
constant for the slow cistrans isomerization equilibrium is
he sum of the forward and backward rate constants (eq 3a).

he contribution of the backward rate constant to the overall
rate constant decreases at high concentrations éf,Ca
because higher amounts of dead to the depletion of the
intermediate @during the course of the reaction. Therefore,
at high concentrations of €3 the relaxation rate constant
of the slow phase approaches the limiting value of the
forward rate constant. The quantitative agreement between
this mechanism and the experimental data is excellent (Figure
7).

Model 2 is an attractive minimal mechanism that can
account for the behavior of the system at physiologically
relevant concentrations of €a The kinetics of fluorescence

between these two species and the large enthalpy ofchanges above 1 mM €3 however, cannot be explained
activation associated with the interconversion reactions arepy this mechanism (Figure 7). Moreover, the structure of
consistent with the structural interpretation that a-¢rans the one-Ha" form of MBP-A (Figure 2B; refl4) indicates
prolyl peptide isomerization reaction occurs during the that a form of the protein containing a single divalent cation
interconversion between the two states. Although none of hound to site 1 and a trans peptide preceding'®ris
the crystallographically determined structures correspondssignificantly populated at intermediate concentrations 6fHo
to G (a 1-C&* form with Prd®!in the cis conformation),  and perhaps also €3 and this state does not correspond to
this is a physically reasonable intermediate state, probablyany of the states in model 2.
similar in structure to either Cor C,, but with one C&" Two slightly more complex models can account for both
bound to either C4 site 1 or 2. G corresponds to the two-  of the deficiencies of the simpler model. Model 3 introduces
Ca* form with Pro®*in the cis conformation (Figure 2a), &  state T, which corresponds to a onedorm of the protein
structure seen in many €a or lanthanide-saturated MBP  \ith a trans peptide preceding Ptb It is likely that this
crystal strutures¥-7, 11, 43, 53). The structural data show  kinetic intermediate represents a conformation similar to that
that the conformation of the main chain around'®rin Co observed in the crystallographically observed onéHorm
(and presumably {J is essentially the same as in,®ut  of MBP-A (Figure 2B). Adding this state to the model allows
the side chains of GM° and Asr®” differ from their  for an alternative Cd-binding pathway, which becomes
conformations in @by one or two side chain torsion angleS important at h|gh concentrations of @aand can account
(14) In contrast, the main chain conformations of this |00p for the increase in the rate of the slow phase when more
and the following loop (loops 3 and 4; see preceding paper than 1 mM C&" is added (Figure 4A). The residual plot,
(14)) in To differ dramatically from those of £In particular,  however, reveals remaining systematic deviations (Figure 7).
the side chains of both Gltf and Asr® are rotated nearly A six-state model introducing state, perhaps corresponding
18C° about the main chain, resulting in a displacement of g a3 two-Ca" form of the protein with a trans peptide
over 10 A, preceding Pr¥¥%, reduces some of these deviations. Unfor-
The structural observations also suggest explanations fortunately, the increased complexity of the five- and six-state
the burst and slow phases of the kinetics, as well as themodels introduces parameters which are not well-defined by
variation in rate of the slow phase as a function of the amount the experiments presented in this paper. These models merely
of added C&'. The burst phase corresponds to the conversion suggest simple and physically plausible explanations for the
of Co to C; or C, and is not limited in rate by the behavior of the system at high concentrations of'Cand
isomerization of peptide bonds. According to this interpreta- other models of similar or greater complexity may account
tion, G is the form of the apoprotein primed for binding to  for the observed kinetics equally well. Several other mech-
C&" by the presence of the cis peptide bond precedingfPro  anisms have also been considered, but these tend to fit the
The structural transitions required for&dinding thus occur ~ data more poorly or else invoke larger numbers of param-
with the fast kinetics of a process for which the rate is eters. For example, models involving parallel random addi-
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tion pathways for C& binding, with intermediates containing  existence of a prolyl peptide isomerization event accompany-
one C&" bound to either site 1 or site 2, do not fit the data ing C&" binding implies that the kinetics of €abinding
as well as the equally complex five- and six-state schemesin many C-type lectins may show hysteresis; that is, the
presented in models 3 and 4. overall rate of C& binding will reflect the previous

A limitation of the kinetic models described in Figure 6 conformational state of the apoprotein. If the proline in the
and the results presented in Table 1 is that several of theapoprotein remains in the cis conformation, the binding of
parameters are highly correlated when fit to the data reportedCa* would be limited in rate by the relatively fast bimo-
here. For example, because the time scale of the kineticlecular reaction between protein and metal ion, but if the
measurements is too coarse, the forward and backward ratgroline isomerizes to the trans conformation, the binding of
constants for each equilibrium involving the binding and C&* would be limited in rate by the relatively slow
release of CH are highly correlated, and only the ratios of isomerization reaction. The fact that the proline in-8%%
these rate constants are well-defined (eq 3b). The bimolecularof the apoprotein molecules is in the trans form suggests
rate constants for the €abinding steps have been set to that proline isomerization will have a significant effect on
10° Mt st during parameter optimization, because the the overall kinetics of Cd binding in the C-type lectins.
kinetics predicted by the model over the time scale of the The slow kinetics of CH binding may have an essential
experiments are not sensitive to this parameter unless theole in receptor-mediated endocytosis. Several C-type lectins,

rate constant is reduced below®1~* s™%, at which point including the hepatic lectins (asialoglycoprotein receptors),
the bimolecular C&-binding step becomes rate-limiting at the macrophage galactose receptor, and the macrophage
low concentrations of C4. A value in the range ¥6-10° mannose receptor, undergo internalization and recycling to
M~ s71 for the bimolecular rate constant is comparable to the cell surface ). During this process, a carbohydrate-
experimentally determined rate constants fof'Gainding bearing ligand is bound by the lectin at the cell surface, and
reactions in a number of proteindd). Stopped-flow experi-  the lectin-ligand complex is internalized in an endocytic

ments are needed to define precisely the kinetics of the fastervesicle. Acidification of the vesicle titrates the Taff the
Ca&*-binding steps in the MBPs, but for the purposes of protein, causing the ligand to dissociate from the lectin. The
analyzing the much slower isomerization steps, the ap- ligand and membrane-bound lectin are sorted into different
proximations used in this paper are acceptable. A secondvesicles, and the lectin is recycled back to the cell surface
limitation of the modeling is that the molar fluorescence (56). This process is essential for the internalization of
values of the more poorly populated intermediate states glycoprotein ligands into hepatocytes and macrophages, and
present in the more complex models are highly correlated relies on the efficient pH-coupled release and rebinding of
with the rate constants of steps involving these species.ligands by the CH-dependent lectiny7). The kinetics of
Additional experiments at higher concentrations of'Ca  receptor recycling in a cell occurs on a time scale comparable
double-mixing experiments, and stopped-flow experiments to that of protein conformational changes governed by proline
would help to define the molar fluorescence value of the isomerization. Recycling of the asialoglycoprotein receptor
poorly populated intermediates @nd T, as well as the rate  in a hepatoma cell line can be divided into a phase involving
constants involving the formation and removal of these ligand binding whose rate is dependent on the concentrations
intermediates. of receptor and ligand, and a phase dependent only on the
Despite these limitations, the global analysis of binding mechanics of endocytosis and vesicle sort®®).(The first
kinetics in terms of models-14 indicate that the parameters phase has a half-life of 8.7 min in the presence of a half-
describing the slow steps are well-determined by the experi- saturating concentration of ligand, whereas the second phase
ments reported here. Most importantly, the unimolecular requires roughly 6 min to complete at 3.
isomerization rate constants for the interconversion @f C A peptide isomerization event following the loss of?Ca
and To are not highly correlated with other parameters. These may have two effects that are relevant on the time scale of
rate constants are well-defined, because the equilibrium ratiothe endocytic cycle. First, the receptor may remain in the
of Co and T, and the kinetics following the addition of Ca'-free state for one or two minutes, which is long enough
chelator to the Cd-saturated protein are both determined for a significant fraction of the receptor molecules to
directly by these two rate constants (eq 3). Moreover, both isomerize into a form (J in models 4, Figure 6) that
the rate constants and amplitudes of the slow phase followingcannot bind either Ca or carbohydrate ligands. In this case,
the addition of C& are sensitive to these rate constants (eq the receptor would be kinetically trapped in a binding-
3b). The ratio of the forward and backward rate constants incompetent state to facilitate its separation from the
for the equilibrium between ¢gTand G refines to a value  carbohydrate ligand. Second, once the receptor is brought

between 4 and 5 (Table 1), which corresponds te 8o into a neutral pH environment with sufficient €a there

of the apoprotein adopting the trans conformation. will be a lag phase with a half-life on the order of one or
Functional Implications of cistrans Prolyl Peptide two minutes in the activation of those molecules which have

Isomerization Accompanying €aBinding in Gtype Animal isomerized to the J'state. This trans to cis isomerization

Lectins Structure-based sequence alignments indicate thatevent would be the kinetic penalty required to pay for the
the Ca&"- and carbohydrate-binding site containing the cis- first isomerization event. Although the measurements re-
proline in the MBPs is highly conserved in all C-type lectins ported here were made at neutral pH, the kinetics of proline
that are known to bind carbohydrate€,(54, 55). Because isomerization is not strongly dependent on pH in the range
the tripeptide sequence containing the cis-proline is an 5.0—7.5 (17), which is the range of pH that various receptors
integral part of this binding site, isomerization of the proline are likely to encounter during the endocytic cycle.

like that observed in the MBPs may accompany the binding The measurements reported in this paper were performed
of C&" in a wide range of C-type lectins. In turn, the on a protein not known to participate in receptor-mediated
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endocytosis. C-type lectins that participate in endocytosis
may have evolved specific mechanisms to modify the kinetics
of conformational changes to optimize the benefits of proline
isomerization and minimize the penalties. Further experi-

ments will be needed to assess the role of proline isomer-

ization in those C-type lectins that are known to function as
endocytic receptors.
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