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ABSTRACT: A proline residue flanked by two polar residues is a highly conserved sequence motif in the
Ca2+- 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 act as Ca2+ ligands 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 the Ca2+-binding 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 Ca2+-
induced changes in intrinsic tryptophan fluorescence, and fluorescence energy transfer from tryptophan
to Tb3+, reveal a slow conformational change in rat liver MBP (MBP-C) accompanying the binding of
either Ca2+ or Tb3+. The Ca2+-induced increase in intrinsic tryptophan fluorescence shows biphasic
kinetics: a burst phase with a rate constant greater than 1 s-1 is followed by a slow phase with a single-
exponential rate constant ranging from 0.01 to 0.05 s-1 (36 °C) that depends on the concentration of
Ca2+. Likewise, addition of EGTA to Ca2+-bound or Tb3+-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-1, followed by a slow phase with a single-exponential rate constant of 0.065 s-1. In contrast,
Tb3+ fluorescence produced by resonant energy transfer from MBP-C decreases in a single kinetic phase
with a rate constant greater than 1 s-1, implying 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 Ca2+ binding 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
Ca2+ or Tb3+ to MBP-C is coupled to a conformational change that involves the cis-trans isomerization
of a peptide bond. Fitting of the data to kinetic models indicates that, in the absence of Ca2+, the proline
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
whose members contain a conserved Ca2+-dependent car-
bohydrate-recognition domain (CRD1) (1). C-type lectins
utilize carbohydrate binding for a wide range of purposes:
mannose-binding proteins (MBPs), pulmonary surfactant
proteins, and the macrophage mannose receptor bind to
carbohydrate-rich pathogen cell surfaces as the first step of
an antibody-independent immune response; selectins direct
the trafficking of leukocytes to sites of inflammation and
peripheral lymph nodes; and mammalian and avian hepatic
lectins selectively remove serum glycoproteins by receptor-

mediated endocytosis. The MBPs are well-characterized
members of the C-type lectin family which are found in the
serum and liver of mammals (2-4).

The three-dimensional structures of CRDs from seven
different C-type lectins show that all possess a similar core
structure. In addition, classical C-type lectins which bind
carbohydrates share a Ca2+-binding site (designated site 2
in the MBPs (5)) at which carbohydrates directly interact
with the bound Ca2+ as well as with amino acids that serve
as Ca2+ ligands (6-9). In the MBPs, which bind to two Ca2+,
this site is designated site 2 (5). The amino acid residues
that comprise this binding site are highly conserved, espe-
cially a tripeptide sequence of two Ca2+ ligands flanking a
cis-proline residue (10). High-resolution crystal structures
of several C-type lectins (5-9, 11-13) show that the cis-
proline positions the two flanking residues for interaction
with Ca2+, and it is not possible to position these two residues
in a similar arrangement if the proline is in the trans
configuration. Structural analysis of MBPs from rat liver
(MBP-C) and serum (MBP-A) reveal that, when Ca2+ is
removed from site 2, the peptide bond preceding Pro191 in
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MBP-C (equivalent to Pro186 in MBP-A) can adopt either
the cis or trans conformation (14). The existence of alternate
conformational states for this peptide bond in the absence
of Ca2+, and the apparently strict requirement for the cis
conformation when Ca2+ is bound, implies that the peptide
conformation must change for a subset of Ca2+-free mol-
ecules upon the binding of Ca2+.

The isomerization of peptide bonds constitutes a slow, rate-
limiting step in the folding of many proteins in vitro (15).
Proline isomerization in peptides and proteins is a unimo-
lecular process with a half-life of tens of seconds to several
minutes at room temperature and physiological pH (16, 17).
Variations in rate likely depend on the coupling of the
isomerization reaction to structural changes in adjacent parts
of the protein. In addition to its well-demonstrated effects
on protein folding, proline isomerization can account for slow
conformational changes in folded proteins (18, 19).

In this paper, the conformational changes associated with
the binding of Ca2+ to MBP-C are probed by measuring the
effects of Ca2+ on intrinsic tryptophan fluorescence. Ca2+

binding or release involves a fast bimolecular step and a slow
unimolecular step. Fluorescence resonant energy transfer
from tryptophan to Tb3+ indicates that the fast step corre-
sponds to ion binding or release. The rate of the slow phase
of fluorescence change is slightly accelerated by the addition
of the prolyl isomerase cyclophilin, and this acceleration can
be inhibited by cyclosporin A. The rate of the slow phase of
the fluorescence change is also very sensitive to temperature.
These data suggest that the slow step corresponds to the
proline isomerization that has been observed in structures
of Ca2+-free MBPs (14). Modeling of the observed kinetics
indicates that, in the absence of Ca2+, the conserved proline
in 80-85% of the molecules is in the trans conformation.

EXPERIMENTAL PROCEDURES

Materials. Chelex-100 was obtained from Bio-Rad. TbCl3

(99.99%) was obtained from Aldrich. EDTA, EGTA, and
CDTA were obtained from Sigma. Cyclosporin A was
obtained from Calbiochem. Spectra-Por 4 dialysis membrane
was obtained from Spectrum and treated as described in ref
20 to remove metals and contaminants. All other chemicals
were from J. T. Baker.

Protein Purification. Rat liver and serum MBPs were
expressed inEschericia colias previously described (21).
The proteins were purified using a procedure adapted from
that used to purify recombinant chicken hepatic lectin (22).
Cell paste from 5 L of E. coli was resuspended in 50 mL of
buffer A (10 mM Tris-Cl pH 7.8, 3 mM CaCl2) 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
extract was cooled on wet ice and subjected to 8 iterations
of sonication (Branson sonicator) for 30 s followed by rest
periods of 1 min. NaCl was added to a final concentration
of 0.5 M, and the extract was centrifuged at 27000g for 30
min. The supernatant was passed through a 0.45µm cellulose
acetate syringe filter, and 200 mL of clarified extract was
loaded onto a 30 mL mannose-Sepharose (23) column (10
× 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 mannose-Sepharose

column used for the first extract. The affinity column was
washed with 200 mL of loading buffer (25 mM Tris-Cl pH
7.8, 1.25 M NaCl, 2.5 mM CaCl2), and the protein was
selectively eluted from the mannose-Sepharose column with
elution buffer (25 mM Tris-Cl pH 7.8, 1.25 M NaCl, 2.5
mM EDTA). The affinity-purified protein (approximately 10
mL x 0.15 mM) was adjusted to 12.5 mM CaCl2, and the
protein was equilibrated at 37°C for 10 min. Elastase was
added to a final concentration of 0.2 mg/mL, and the protein
was digested for 2.5 h at 37°C. PMSF (0.5 mM) and 0.05%
Triton X-100 were then added to stop the digestion, and the
sample was cooled on ice. This solution was loaded onto a
7 mL mannose-Sepharose column at a flow rate of ap-
proximately 0.5 mL/min. The column was washed with 5
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
protein (approximately 6 mL at 0.2 mM) to a final concen-
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 80°C for 6 h in four changes of
Milli-Q (Millipore) treated water. The solution was dialyzed
at 4 °C for 48 h against six changes of 0.8 L of reaction
buffer (50 mM Tris-Cl pH 8.0 (measured at 22°C), 100
mM NaCl) which had been scrubbed of metals by passing
over a column of Chelex-100. The concentration of the
dialyzed protein was estimated by measuring the absorbance
at 280 nm in 6 M guanidine-HCl, 10 mM bis-Tris-Cl, pH
6.5, and calculating a molar extinction coefficient (ε )
14 420 M-1 cm-1) (24) for the fragment of MBP-C spanning
residues 107-226 (numbering from mature N-terminus, mass
13367). This fragment is 2 residues longer than the previ-
ously described subtilisin fragment (7), 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 Measurements. Measurements were per-
formed using an SLM 8000C fluorimeter with a 450 W lamp.
Measurements were corrected for fluctuations in lamp
intensity by dividing by the fluorescence of a rhodamine
sample measured simultaneously. Emission spectra were
recorded using excitation at 295 nm with an 8 nm band-
pass and emission slits set for a 2 nmband-pass. Measure-
ments were corrected for background and Raman scattering
by subtracting the fluorescence measured from a sample of
reaction buffer (50 mM Tris-Cl, pH 8.0, 100 mM NaCl 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 temperature (25, 26), we calculated the
pH of these buffers to be 7.6 and 6.7 at 36°C. Reactions
with Ca2+ were carried out at pH 7.6, whereas reactions with
Tb3+ were carried out at pH 6.7. The lower pH conditions
in the reactions with Tb3+ were necessary to avoid the
formation of Tb(OH)3 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 Tb3+ 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,
fluorescence intensity was integrated over 0.9 s and the step
time was 1 s. Samples (2 mL) were magnetically stirred at
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 Ca2+ or Tb3+.
Additions of Ca2+, Tb3+, or chelator were made using 4-6
µL of concentrated solutions diluted in the reaction buffer.
CaCl2 and TbCl3 stock solutions were normalized by titration
against a standardized stock solution of EDTA (Fisher) by
monitoring the end-point of titration with a pH meter (27).
Stirring in the cuvette was turned to maximum immediately
before and for 10 s following the addition of either metal
ions or chelators. The half-time for mixing was measured to
be less than one second in control experiments by observing
the appearance of fluorescence upon addition of tryptophan
to buffer.

Unless otherwise stated, the temperature of the sample in
the fluorimeter was maintained at 36°C using a water bath
(Lauda). The temperature control was monitored using a
thermocouple in control experiments and shown to vary by
less than 0.2°C over the course of an hour. The temperature
in the cuvette was within 0.2°C of the bath temperature, so
no correction was made for the small difference in temper-
ature between them. Temperature-dependent changes in pH,
which are particularly large for Tris (25), were compensated
for by adding small amounts of HCl to reaction buffers at
lower temperatures. Control experiments showed that the
moderate variation of pH as a function of temperature did
not affect rates significantly even without adjusting the pH
in this manner.

Cyclophilin Catalysis. E. coli cytoplasmic cyclophilin and
human cyclophilin A were purified fromE. coli expression
systems as previously described (28, 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 SDS-PAGE. For the
purification of the human enzyme, 1 mM dithiothreitol was
added to buffer solutions during purification and storage. The
enzymes were used within two weeks of purification and
did not show significant changes in activity over that time.
Cyclosporin A was dissolved in 50% ethanol/50% water at
a concentration of 1 mM.

Data Analysis. The kinetics of fluorescence changes were
fit to single-exponential curves using nonlinear least-squares
regression according to the following equation:

where F0, Ft, and F∞ are the fluorescence at times 0,t
seconds, and roughly 8-10 half-lives following the start of
the reaction. To control for small variations in pipetting of
protein and in the placement of the cuvette in the fluorimeter,
the fluorescence of each sample was normalized to the
background-subtracted fluorescence of the initial Ca2+-free
sample, that is, before ions or chelators had been added. The
fluorescence of different samples typically differed by less
than 5%. Nonlinear least-squares regression was performed
using the Marquardt algorithm as implemented in the
programs KALEIDAGRAPH (Abelbeck Software) and
DATAPLOT (NIST) (30). Kinetic simulations were per-

formed using the programs KINSIM (31) and GEPASI (32).
Parameters for kinetic models were fit using nonlinear least-
squares methods implemented in the program FITSIM (33).

RESULTS

Equilibrium Ca2+ Binding Monitored by Tryptophan
Fluorescence. Addition of Ca2+ to apo-MBP-C produces an
intensity increase and a small shift in the position of the
emission wavelength maximum in the intrinsic tryptophan
fluorescence spectrum of the protein (Figure 1). The change
in fluorescence intensity likely reflects the proximity of the
two tryptophan residues in the MBP-C CRD to the Ca2+-
binding sites (5) (Figure 2). Ca2+-induced changes in
tryptophan fluorescence have been reported for other C-type

Ft ) F∞ - [F∞ - F0]e
-kt (1)

FIGURE 1: Ca2+-induced change in intrinsic tryptophan fluorescence
intensity. The addition of 0.2 mM CaCl2 (small dots) and 0.4 mM
CaCl2 (large dots) to apo-MBP-C (open circles) causes a significant
increase in fluorescence intensity and a small shift in the emission
wavelength maximum. The addition of 1 mM EGTA returns the
fluorescence to the level prior to the addition of Ca2+ (diamonds).
Spectra were recorded five minutes following the addition of CaCl2
or EGTA. Conditions are the same as for all other experiments (1
µM apo-MBP-C, 40 mM Tris-Cl, pH 7.6, 150 mM NaCl) involving
the addition of CaCl2, except that the temperature was 32°C.

FIGURE 2: Proximity of tryptophan to Ca2+-binding sites in MBP.
Ribbon diagrams of the portion of the MBP CRD proximal to the
two Ca2+-binding sites (designated 1 and 2 in panel A). The
conserved proline at Ca2+ site 2 and the two conserved tryptophan
residues in the hydrophobic core of the CRD are shown in black
(A) 2-Ca2+ MBP-C, (B) 1-Ho3+ MBP-A, (C) apo-MBP-C copy 2
(cis-Pro191), and (D) apo-MBP-C copy 1 (trans-Pro191). The structure
drawn in (A) was described in ref7, and the other structures are
described in the preceding paper (14).
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lectins, including rat hepatic lectin (34), pulmonary surfactant
protein A (35), and herring antifreeze protein (36). We have
also observed Ca2+-dependent changes in tryptophan fluo-
rescence for MBP-A that are similar to those seen in MBP-C
(not shown). The change in fluorescence upon Ca2+ addition
can be completely reversed by the addition of the divalent
metal ion chelators EGTA (Figures 1 and 3), EDTA, and
CDTA (not shown). The fluorescence intensity of apo- and
Ca2+-bound MBP-C, and in particular the change in fluo-
rescence intensity upon adding Ca2+, is very sensitive to
changes in temperature. At 37°C, the fluorescence intensity
change is nearly 100% upon adding saturating amounts of
Ca2+, whereas the change is only about 20% at 20°C. At
all temperatures, the emission wavelength maximum under-

goes a small blue shift from 337 to 334 nm upon Ca2+

binding.

A binding curve relating tryptophan fluorescence to the
concentration of free Ca2+ gives an apparent equilibrium
dissociation constant (Kapp) of 85 µM 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 Ca2+ (14), as well as
kinetic data presented below, and that the binding of Ca2+

involves more than two states with distinct molar fluores-
cence values. The value ofKapp 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 Ca2+ binding in MBP-A (21).
Part of this discrepancy may be due to differences in the
Ca2+-binding sites of MBPs A and C. Although the geometry
of the Ca2+-binding sites in both proteins is very similar,
two aspartic acid residues that serve as ligands in Ca2+ site
1 in MBP-A are replaced by asparagine in MBP-C. The
discrepancy between values ofKapp may also arise from
differences in the way Ca2+ binding couples to spectroscopic
versus other indirect measures of Ca2+ binding.

Kinetics of Ca2+ Binding Monitored by Tryptophan
Fluorescence. The kinetics of the Ca2+-induced change in
tryptophan fluorescence are biphasic over the range of Ca2+

concentrations between 5µM and 16 mM. A burst increase
of fluorescence occurs within the dead time of mixing
(approximately 1 s), which is followed by a much slower
increase (Figure 3B). The amplitudes of both phases increase
as the amount of added Ca2+ is increased up to 1 mM. Above
1 mM, the burst-phase amplitude continues to increase,
whereas the slow-phase amplitude decreases. The slow phase
of the fluorescence increase fits very well to a single
exponential (Figure 3C), but the rate constant of the
exponential varies as a function of Ca2+ concentration (Figure
4A). The rate constant shows a bell-shaped dependence upon
Ca2+ concentration, reaching a minimum value at 1 mM Ca2+

of 0.01 s-1, and maximum values of 0.045 and 0.036 s-1 at
the lowest and highest concentrations of Ca2+ tested. In a
separate series of experiments at higher concentrations of
Ca2+, the rate constant of the slow phase plateaus at roughly
0.04 s-1 (not shown).

Ca2+-dependent changes in tryptophan fluorescence were
measured over a wide range of protein concentrations to test
if inner filter effects or bimolecular binding events such as
aggregation affect the observed kinetics. The fluorescence
of apo-MBP and Ca2+-saturated MBP is linearly dependent
on protein concentration over the range of 89 nM to 2.9µM
(Figure 5A), indicating that such effects are not significant
over this range of protein concentration. Furthermore,
progress curves measured after adding saturating Ca2+ to
apo-MBP over this range of protein concentration are
superimposable if they are scaled relative to the amount of
protein present in the sample (not shown). Finally, fitting
the slow phase to a single exponential shows that the rate
constant varies by less than 10% with protein concentration
(Figure 5B). Thus, the slow phase of tryptophan fluorescence
change shows first-order kinetics with respect to protein
concentration, and the variation in the rate constant of the
slow phase as a function of Ca2+ concentration is not due to
a rate-limiting bimolecular binding event.

FIGURE 3: Equilibrium and kinetic measurements of Ca2+-induced
changes in tryptophan fluorescence. (A) The equilibrium level of
fluorescence is plotted as a function of the concentration of Ca2+.
The data have been fitted to the equationF ) F0 + (Fmax - F0)-
([Ca2+]n/(Kapp + [Ca2+]n)), whereFmax ) 1.89,Kapp ) 85 µM, and
n ) 1.3. (B) Progress curves of fluorescence changes as a function
of Ca2+. Apo-MBP-C (1µM) in 40 mM Tris-Cl, pH 7.6, 150 mM
NaCl was equilibrated at 36°C for 15 min in the dark. Thirty
seconds after starting the recording, stirring in the cuvette was
increased to maximum and 4-16 µL of CaCl2 solutions (2.5 mM
- 2 M) was added, resulting in final concentrations of 5, 10, 15,
20, 30, 40, 60, 80, 120, 160, 250, 375, 500, 750, 1000, 2000, 4000,
8000, and 16 000µM. Fluorescence measurements were resumed
approximately 1 s following the addition of CaCl2. Four-hundred
and seventy seconds after the addition of Ca2+, excess EGTA was
added to a final concentration of 0.5 mM for Ca2+ concentrations
up to 250µM, and to a final concentration of 20 mM for the higher
concentrations of Ca2+. The pH of each EGTA solution was
adjusted to minimize the change in pH which results from the
reaction of EGTA with Ca2+. The slow phases following the
addition of 1 mM CaCl2 (C), or following the addition of 1.5 mM
EGTA to protein equilibrated with 1 mM CaCl2 (D), are fit to single
exponentials (eq 1), and the residuals (Fobs - Fcalc) are plotted.
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In parallel studies on a form of MBP-A containing the
CRD and the adjacent trimerization domain, Ca2+-dependent
changes in fluorescence intensity show a more complex
behavior where the amplitudes and rate constants of fluo-
rescence changes are very sensitive to protein concentration
(not shown). The mechanism responsible for the difference
in behavior of the MBP-A CRD plus trimerization domain
compared to the data from the MBP-C CRD shown here is
unclear. The effect may be due in part to aggregation, since,
unlike MBP-C (Figure 5A), a plot of fluorescence versus
protein concentration for apo-MBP-A shows a downward
inflection over the range 50 nM to 1µM protein (not shown).

Mechanism of Ca2+ Binding. The structural observations
reported in the previous paper (14) suggest that the burst
phase of fluorescence may be due to Ca2+ binding by the
fraction of molecules in which proline at site 2 adopts the
cis conformation, and that the slow step is due to the
isomerization of the peptide bond preceding Pro191 in those
molecules containing a trans proline in the absence of Ca2+.
Prolyl peptide bond isomerization is a slow unimolecular
process with rate constants in the range of 0.1-0.01 s-1 at
36 °C (17). The effect of Ca2+ concentration on the slow

rate of change in tryptophan fluorescence (Figure 4A)
suggests a multistep mechanism that relates changes in
tryptophan fluorescence to Ca2+ binding, with a fast phase
due to rapid ion binding and a slower phase due to
conformational changes. The two most interesting features
of these data are the decrease of the rate constant of the slow
phase as the concentration of added Ca2+ increases up to 1
mM, and the increase of the rate constant of the slow phase
as the concentration of added Ca2+ increases above 1 mM.

Several kinetic models involving isomerization steps
coupled to ion-binding steps were tested for their ability to
model the changes in fluorescence as a function of Ca2+

concentration. Of these, only the simplest models which
successfully predict key features of the observed data are
presented here (Figure 6). For each model, rate constants
and molecular fluorescence values, as well as the residuals
between predicted and observed progress curves, were
optimized by nonlinear least-squares minimization using the
programs KINSIM (31) and FITSIM (33) (Figures 6 and 7,
and Table 1). The two simplest schemes (models 1 and 2,
Figure 6A,B) were used to model progress curves measured
in the presence of 5µM to 1 mM Ca2+, whereas two more

FIGURE 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 addition of Ca2+

(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 CaCl2 with models. (D) Comparisons of the burst-phase amplitude decrease following the
addition of EGTA with models.
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complex schemes (models 3 and 4, Figure 6C,D) were used
to model progress curves measured in the presence of 5µM
to 16 mM Ca2+. In addition, the parameter fitting for each
model included data from an additional progress curve that
was recorded after adding excess EGTA to Ca2+-saturated
protein.

A simple three-state model consisting of a slow, reversible
unimolecular isomerization followed by a Ca2+-binding step
with a first-order dependence on Ca2+ concentration (model
1, Figure 6A) qualitatively models the decrease in rate
constant as the concentration of Ca2+ is increased from 5
µM to 1 mM. Analytical expressions can be derived for the
time-dependent concentrations of all species in this model,
given initial conditions and rate constants (37, 38). In the
experiments reported here, the bimolecular step involving
Ca2+ binding is pseudo-first-order (denoted ask23* in Figure
6A; all pseudo-first-order steps involving bimolecular Ca2+-
binding steps are denoted by asterisks in this paper), because
the amount of Ca2+ present is in excess over the amount of
protein, and the concentration of Ca2+ is effectively constant
during the measurement of the progress curve. Thus, for the
three-state case, the time-dependent concentration of each
species can be described as the sum of two exponentials with
time constantsτ that are related to the kinetic rate constants

by the following relationships (38):

where

Under the conditions of the experiment,τ1
-1 . τ2

-1 andk23*,
k32 . k12, k21, leading to the following simplified forms (39)

Because all measurements were made on a time scale of
seconds,τ1 is not precisely defined by the current set of
experiments. However, a lower bound of 1 s-1 can be set
for k23*, as only a single slow exponential phase is seen
following the initial burst phase. Ifk23* ) k[Ca2+] (Figure
6A), wherek is the bimolecular rate constant, thenk g 105

M-1 s-1. Values ofk < 105 M-1 s-1 produce progress curves
in which the rate constant of the burst phase at low
concentrations of Ca2+ is slower than that observed by
manual mixing. This lower limit on the bimolecular rate
constant is reasonable in light of studies on the binding of
Ca2+ to small molecule chelators and EF-hand Ca2+-binding

FIGURE 5: Effects of protein concentration on fluorescence changes.
(A) The fluorescence of apo-MBP-C (open circles) and MBP-C
plus 1 mM CaCl2 (solid circles) was measured in 40 mM Tris-Cl,
pH 7.6, 150 mM NaCl at 36°C. The protein was allowed to
equilibrate for 15 min following dilution and 8 min following the
addition of CaCl2. (B) The rates of the slow phase following the
addition of 1 mM CaCl2 (solid circles) to apo-MBP-C and the slow
phase following the addition of 2 mM EDTA (open circles) to
MBP-C equilibrated with 1 mM CaCl2 were fit to a single-
exponential decay (eq 1), and the rate constants are plotted against
the concentration of protein.

FIGURE 6: Kinetic models. States Tx and Cx represent forms of
MBP-C with the peptide preceding Pro191 in the trans and cis
conformations respectively, and wherex denotes the number of
Ca2+ bound to the protein. Unimolecular isomerization rate
constants:k12, k21, k′12, k′21, k′′12, andk′′21. Pseudo-first-order rate
constants (k[Ca2+], wherek ) 106 M-1 s-1): k23*, k34*, k′23*, and
k′34*. Unimolecular Ca2+ dissociation rate constants:k32, k43, k′32,
andk′43.

τ1
-1 ) [M + (M2 - 4N)1/2]/2 (2a)

τ2
-1 ) [M - (M2 - 4N)1/2]/2 (2b)

M ) k12 + k21 + k23* + k32

N ) k12(k23* + k32) + k21k32

τ1
-1 ) k23* + k32 (3a)

τ2
-1 ) k12 + k21/(1 + k23*/k32) (3b)
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proteins, where rate constants are typically 108-109 M-1 s-1

for chelators (40, 41) and 106-108 M-1 s-1 for EF-hand
proteins (42). According to eq 3b, the Ca2+ concentration
dependence of the rate of the slow phase is sensitive only to
the ratio ofk23*/k32 so long ask g 105 M-1 s-1. In this study,
the bimolecular rate constantk has been set to 106 M-1 s-1

during parameter optimization using FITSIM, but the real
value may be up to 10-fold lower or 100-fold higher.
Likewise, the values of the other pseudo-first-order rate
constants (k34*, k′23*, andk′34*) in the four models in Figure
6 were calculated by assuming that the bimolecular rate
constant k was 106 M-1 s-1. Because the experiments
reported here only define the ratios ofk23*/k32, k34*/k43, k′23*/
k′32, andk′34*/k′43, it is important to note that the absolute

values of the dissociation rate constants for all Ca2+-release
steps (k32, k43, k′32, andk′43) may also be up to 10-fold lower
or 100-fold higher than the values reported in Table 1. The
ratios of pairs of association and dissociation rate constants
for each equilibrium have much lower errors, but the values
of the errors are difficult to estimate. The errors on the
parameters reported in Table 1 are lower estimates from the
linear approximation of the error in the nonlinear regression
algorithm.

Optimizing the parameters of model 1 (Figure 6A) using
FITSIM shows that this simple mechanism accounts for the
decrease in the rate of the slow phase as the concentration
of Ca2+ increases (Figure 4A). However, a closer examina-
tion of the residuals from progress curves predicted by model

FIGURE 7: Residuals (Fobs - Fcalc) 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 CaCl2 added 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 CaCl2 to 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 at the Ca2+ concentration 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 CaCl2, because these models cannot fit the increase in rates seen at higher concentrations of CaCl2 (see
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
Ca2+-bound protein.
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1 reveals systematic deviations (Figure 7) which suggest that
it is only a crude model of the physical system. Changing
the order of the binding step relative to the isomerization,
or giving the Ca2+-binding step a second-order dependence
on Ca2+ concentration (i.e.,k23* ) k[Ca2+]2), both worsen
the fit of the model (not shown). An alternative explanation
for the poor fit of model 1 to the data might be the presence
of additional intermediate states. A physically reasonable
intermediate state which is not found in model 1 is a 1-Ca2+

intermediate bridging the 0 and 2-Ca2+ states. Inclusion of
this intermediate leads to a four-state model (model 2, Figure
6B) that better fits the observed kinetics (Figure 7). This

model introduces two additional parameters, and refining the
parameters using FITSIM leads to a model which quantita-
tively accounts for all of the kinetics observed at physiologi-
cally relevant levels of Ca2+ below 1 mM.

The increase in rate constant at concentrations of Ca2+

that are higher than physiological levels can be modeled by
more complex five-state and six-state models (models 3 and
4, Figure 6C-D, Figure 7). These models invoke physically
reasonable intermediates, but contain too many parameters
to be uniquely defined by the experiments reported in this
study.

In each model shown in Figure 6 and Table 1, the ratio of
k12 andk21 indicates that, in the absence of Ca2+, 80-85%
of the molecules contain the conserved proline at site 2 in
the trans conformation. This ratio is similar to that seen in
small peptides in aqueous solution (16).

Dissociation of Ca2+ from MBP-C Following the Addition
of Ca2+ Chelators. The addition of Ca2+ chelators with fast
binding kinetics causes a reduction in the concentration of
free Ca2+ to subnanomolar levels within fractions of a second
(40). When Ca2+ chelators are added to Ca2+-containing
samples of MBP-C, the tryptophan fluorescence decreases
to the original level before exposure to Ca2+ (Figures 1 and
3B). The kinetics of this fluorescence decrease is biphasic,
like the kinetics of the Ca2+-induced fluorescence increase.
A burst phase occurs faster than the dead time of mixing,
which is followed by a slow phase that fits a single
exponential (Figure 3D). Unlike the slow phase following
the addition of Ca2+, the rate of the slow phase following
chelator addition does not vary significantly over the range
of Ca2+ concentration from 5µM to 16 mM (Figure 4A).
The amplitudes of both slow phases increase in a sigmoidal
fashion as the amount of Ca2+ added to the protein (prior to
the addition of the Ca2+ chelator) is increased (Figure 4C-
D). Relatively small variations in the rate constants are seen
at the extremes of Ca2+ concentrations, which can be
attributed in part to two distinct experimental limitations.
At low concentrations of Ca2+, the determination of the rate
constant is less accurate because of the small amplitude of
the fluorescence change. At high concentrations of Ca2+, the
determination of the rate constant is less accurate because
the reaction of EGTA with Ca2+ releases millimolar amounts
of protons which overwhelm the capacity of the buffer and
induce secondary effects on the rate of reaction between
chelator and metal, as well as on the fluorescence of the
protein itself. Nevertheless, at least over the range of 0.01-4
mM Ca2+, the rate constant does not vary more than 10%.

As in the case of the Ca2+-binding phases, the rate constant
of the slow monoexponential decrease in fluorescence
following the addition of chelator does not vary significantly
as a function of protein concentration over the range from
0.09 to 2.9µM (Figure 5B). The rate of the slow phase
following the addition of chelator to Ca2+-bound protein is
first-order with respect to protein concentration, which
supports the interpretation that the slow phase is associated
with a unimolecular conformational change in the protein.

Demonstration of Fast Ion Dissociation Followed by Slow
Protein Conformational Change using Fluorescence Reso-
nant Energy Transfer to Tb3+. Biochemical and structural
studies indicate that lanthanides mimic the binding of Ca2+

to MBP-A (5, 21, 43). Replacement of Ca2+ with Tb3+ is

Table 1. Refined Kinetic Parametersa

rate (s-1)

molar
fluorescence
(106 × M-1)

initial
concentration

(µM)

A. Three-State Model (Model 1)b

k12 0.0098( 0.00005 T0 0.905( 0.0008 T0 0.80
k21 0.0404( 0.0003 C0 1.29( 0.002 C0 0.20
k23* (106 M-1 s-1) C2 2.00( 0.002
k32 20.9( 1.5

B. Four-State Model (Model 2)c

k12 0.0113( 0.00002 T0 0.933( 0.0003 T0 0.80
k21 0.0521( 0.0002 C0 1.31( 0.0008 C0 0.20
k23* (106 M-1 s-1) C1 1.68( 0.004
k32 18.9( 0.1 C2 1.89( 0.0006
k34* (106 M-1 s-1)
k43 124( 1

C. Five-State Model (Model 3)d

k12 0.0089( 0.00003 T0 0.947( 0.0004 T0 0.85
k21 0.0518( 0.0003 T1 2.13( 0.01 C0 0.15
k′12 0.0070( 0.0001 C0 1.30( 0.001
k′21 0.0041( 0.0001 C1 2.12( 0.008
k23* (106 M-1 s-1) C2 1.87( 0.0004
k32 25.4( 0.2
k34* (106 M-1 s-1)
k43 91.7( 2.0
k′23* (106 M-1 s-1)
k′32 23900( 500

D. Six-State Model (Model 4)e

k12 0.0109( 0.00004 T0 0.934( 0.0003 T0 0.82
k21 0.0515( 0.0002 T1 1.10( 0.01 C0 0.18
k′12 0.0067( 0.0002 T2 1.51( 0.008
k′21 0.00026( 0.00008 C0 1.31( 0.001
k′′12 0.049( 0.0006 C1 1.83( 0.005
k′′21 0.000( 0.000 C2 1.87( 0.0006
k23* (106 M-1 s-1)
k32 22.1( 0.1
k34* (106 M-1 s-1)
k43 140( 3
k′23* (106 M-1 s-1)
k′32 5790( 390
k′34* (106 M-1 s-1)
k′43 6110( 280

a Rate constants marked with asterisks denote pseudo-first-order rate
constants set to 106 M-1 s-1 [Ca2+]. The three- and four-state models
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 1000µM
CaCl2, as well as the curve measured following the addition of 1.5
mM EGTA to the protein equilibrated with 1 mM CaCl2. The five-
and six-state models were fit to these sixteen progress curves, as well
as curves measured following the addition of 2, 4, 8, and 16 mM CaCl2.
Refined parameters, standard errors, and the sum of square residual
were computed using the program FITSIM (33). b Sum of squared
residuals 0.620, 4165 data points, and 8 free parameters.c Sum of
squared residuals 0.077, 4165 data points, and 10 free parameters.d Sum
of squared residuals 0.206, 5249 data points, and 14 free parameters.
e Sum of squared residuals 0.084, 5249 data points, and 18 free
parameters.
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advantageous because the intrinsic fluorescence of Tb3+ can
be excited through nonradiative resonant energy transfer from
tryptophan residues near the bound Tb3+ (44). In this process,
light at 295 nm is absorbed by tryptophan in MBP and energy
is transferred to Tb3+, leading to the emission of light at
545 nm. Accompanying this process is the less efficient direct
excitation of fluorescence from free Tb3+. Monitoring Tb3+

fluorescence at 545 nm therefore corresponds to direct
observation of ion binding and dissociation, independent of
protein conformational changes.

The addition of nanomolar amounts of Tb3+ to apo-MBP-C
induces changes in tryptophan fluorescence that are similar
to those induced by micromolar amounts of Ca2+ (Figure
8), indicating that Tb3+ can substitute for Ca2+ in this protein.
A binding curve similar to that performed with Ca2+ could
not be performed under conditions where the amount of Tb3+

was in excess of the amount of protein, because of the tight
binding. At the lowest level of protein (20 nM) yielding
reasonable titration curves, the apparent dissociation constant
is roughly 30 nM at pH 6.7, 36°C. Under these conditions,
the amount of free Tb3+ is significantly reduced from the
amount added, indicating an upper limit forKapp of roughly

20 nM. These observations differ from measurements ofKapp

for the binding of Ho3+ to MBP-A. Limited proteolysis and
carbohydrate binding coupled to Ho3+ binding yield values
for Kapp of 36 and 43µM, respectively (21). As discussed
above for Ca2+, these higher values may reflect the replace-
ment of two aspartic acid residues with asparagine in Ca2+

site 1 of MBP-C, or differences in the behavior of Ho3+

versus Tb3+. The previous experiments may also have given
higher estimates ofKapp because of the higher protein
concentration used (25µM 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 Tb3+ concentra-
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 accurateKapp. The binding of Tb3+ 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 quantum yield due to the Tb3+-induced change
in the environment of the tryptophan residues (Figure 2).

The kinetics of Tb3+-induced changes in tryptophan
fluorescence and energy transfer is similar to the kinetics of
Ca2+-induced changes in tryptophan fluorescence, with one
important exception. For both tryptophan fluorescence and
energy transfer, the addition of Tb3+ to 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
fluorescence, the addition of a Tb3+ chelator (such as EGTA,
EDTA, or CDTA) causes a biphasic decrease in fluorescence,
where the rate of the slow phase is identical to that seen
upon adding chelators to Ca2+-saturated protein. However,
the change in energy transfer upon adding chelator is fast
and monophasic (Figure 8B).

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
change not limited in rate by ion dissociation. This inter-
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
of the chelator, so long as the chelator is added in excess.
These observations are also consistent with kinetic schemes
that include a slow, unimolecular prolyl peptide-bond
isomerization step preceding one or more fast Ca2+-binding
steps (Figure 6).

Temperature Dependence of Tryptophan Fluorescence
Changes. Because the rate of prolyl peptide-bond isomer-
ization is known to be very sensitive to temperature, the rate
of the Ca2+-dependent change in tryptophan fluorescence was
measured as a function of temperature. The rates of the slow
phase of tryptophan fluorescence changes upon Ca2+ binding
or chelator addition show a strong temperature dependence
(Figure 9). Arrhenius plots over the range of temperature
from 21 to 42°C are linear and the slopes correspond to
activation enthalpies of 26 kcal/mol for the fluorescence
increase coupled to Ca2+ binding and 39 kcal/mol for the
fluorescence decrease coupled to chelator addition.

FIGURE 8: Effects of Tb3+ binding on intrinsic tryptophan
fluorescence and fluorescence energy transfer. At 20 s following
the start of recording, 2µM TbCl3 was added to 0.36µM apo-
MBP-C in 25 mM NaPIPES, pH 6.7, 100 mM NaCl, 36°C. Two-
hundred and eighty seconds later, 2 mM EDTA was added. (A)
Intrinsic tryptophan fluorescence was measured using a 340 nm
band-pass filter. (B) Fluorescence resonant energy transfer from
tryptophan to Tb3+ was measured using a 510 nm high-pass filter.
The level of fluorescence detected above 510 nm does not return
to the original level following the addition of EDTA because the
Tb3+-EDTA complex fluoresces weakly. The difference between
the level of fluorescence after adding chelator and the level before
adding Tb3+ is the same as the level of fluorescence from the same
amount of Tb3+ added to the buffer plus chelator in the absence of
protein (not shown).
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According to the kinetic schemes described previously
(Figure 6), the rate constant for the slow phase following
the binding of Ca2+ reflects the single microscopic rate
constant for the conversion of apo-MBP-C containing trans-
Pro191 to the form of the protein containing cis-Pro191, because
the bimolecular Ca2+-binding steps are much faster than the
unimolecular conformational change (eq 3a). In contrast, the
rate constant for the slow phase of the fluorescence change
following the addition of EGTA is the sum of two micro-
scopic rate constants for the interconversion of cis and trans
forms of Pro191 (eq 3b). The activation enthalpies for the
slow reactions are higher than those reported for proline
isomerization reactions in small peptides and denatured
proteins, which are typically about 20 kcal/mol (17).
Experimental errors such as inaccurate temperature control
or changes in pH due to temperature have been carefully
controlled and cannot account for these relatively large
values. The high activation enthalpies associated with the
slow tryptophan fluorescence changes in MBP-C are con-
sistent with computational (45) and experimental (46) studies
which suggest that steric restrictions on either ground-state
or transition-state prolyl peptide conformations can have large
effects on activation enthalpies and kinetics.

Cyclophilin Catalysis of Tryptophan Fluorescence Changes.
Cyclophilins are ubiquitous enzymes which catalyze the
isomerization of prolyl peptide bonds in small peptides and
exposed protein loops (47). The addition of purifiedE. coli
and human cyclophilins to MBP-C slightly accelerates both
the rate of the slow phase of fluorescence increase upon Ca2+

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
be nearly fully inhibited by the addition of 5µM cyclophilin
inhibitor cyclosporin A (Figure 10). These observations are
consistent with the proposal that the slow phase is due to
proline isomerization.

Addition of an equimolar amount of cyclophilin to MBP-C
produces a rate enhancement of only about 20%. Assuming
that theKm for MBP-C as a substrate is in the millimolar
range (or higher), as measured for peptide substrates (48),
the apparentkcat/Km for the reaction can be estimated by the
dependence of the rate of the slow phase on the concentration
of the enzyme added. For the human cyclophilin,kcat/Km is
550 M-1 s-1 for the on reaction and 1820 M-1 s-1 for the
off reaction. These rate enhancements are at the low end of
the range reported for the cyclophilin-catalyzed isomerization
of prolyl peptide bonds in partially folded proteins (49) and
are 2-3 orders of magnitude lower than rate enhancements
seen for small peptide substrates (48). Inefficient catalysis
of proline isomerization in a wide range of proteins has also
been attributed to the poor accessibility of prolyl peptide
bonds to the rather restrictive active site of cyclophilin (50,

FIGURE 9: Arrhenius plots. The natural logarithm of the rate
constant of the slow phase following the addition of 0.5 mM CaCl2
to 0.5µM apo-MBP-C (A) and the subsequent addition of 1 mM
EGTA to the protein equilibrated with Ca2+ (B) is plotted against
the reciprocal of the absolute temperature. The data are fitted to
the equation lnk ) ln A - Ea/RT. The slopes giveEa ) 26.7 and
39.4 kcal/mol, which correspond to∆H‡ ) 26.1 and 38.8 kcal/
mol, calculated according to ref38.

FIGURE 10: Human cyclophilin catalysis of the slow phases of
fluorescence change. Rate constants for the slow phase following
the addition of 0.5 mM CaCl2 to 3.6µM apo-MBP-C (A) and the
addition of 1 mM EGTA to the protein equilibrated with Ca2+ (B)
are plotted versus the amount of human cyclophilin added to the
reaction. The rates are fitted to the equationk ) kuncat + kcat/KM
[cyclophilin], yielding kcat/KM ) 550 M-1 s-1 and 1820 M-1 s-1.
The open circles represent reactions containing 2.2µM cyclophilin
plus 5µM cyclosporin A.
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51). An attempt to dock the prolyl peptide of apo-MBP-C
into the active site of human cyclophilin shows that adjacent
loop regions clash with surface loops in cyclophilin (52).
Despite the modest catalysis by cyclophilin of the slow
fluorescence change in apo-MBP-C, the specific effects of
cyclophilin on the rates of fluorescence changes clearly
indicate that prolyl peptide-bond isomerization accompanies
both Ca2+ binding and release.

DISCUSSION

Structural Basis of Kinetic ObserVations. The kinetic
measurements reported in this paper suggest that a slow,
unimolecular prolyl peptide-bond isomerization event pre-
cedes the binding of Ca2+ to apo-MBP-C. Likewise, the
removal of Ca2+ from MBP-C is followed by a slow, prolyl
peptide-bond isomerization. The mechanistic schemes that
are required to explain these observations can be interpreted
most clearly by reference to the structural observations
reported in the previous paper (14).

Model 2 in Figure 6B best describes the data presented
here and explains all kinetic observations at physiologically
relevant concentrations of Ca2+ (i.e., less than or equal to 1
mM). This scheme invokes a slow isomerization reaction
between the two states C0 and T0, which may be interpreted
as alternative forms of the apoprotein containing either a cis
or trans peptide bond, respectively, preceding Pro191, as
observed in the crystal structure of Ca2+-free MBP-C (Figure
2C,D; also see ref14). The slow rate of interconversion
between these two species and the large enthalpy of
activation associated with the interconversion reactions are
consistent with the structural interpretation that a cis-trans
prolyl peptide isomerization reaction occurs during the
interconversion between the two states. Although none of
the crystallographically determined structures corresponds
to C1 (a 1-Ca2+ form with Pro191 in the cis conformation),
this is a physically reasonable intermediate state, probably
similar in structure to either C0 or C2, but with one Ca2+

bound to either Ca2+ site 1 or 2. C2 corresponds to the two-
Ca2+ form with Pro191 in the cis conformation (Figure 2a), a
structure seen in many Ca2+- or lanthanide-saturated MBP
crystal strutures (5-7, 11, 43, 53). The structural data show
that the conformation of the main chain around Pro191 in C0

(and presumably C1) is essentially the same as in C2, but
the side chains of Glu190 and Asn192 differ from their
conformations in C2 by one or two side chain torsion angles
(14). In contrast, the main chain conformations of this loop
and the following loop (loops 3 and 4; see preceding paper
(14)) in T0 differ dramatically from those of C2. In particular,
the side chains of both Glu190 and Asn192 are rotated nearly
180° about the main chain, resulting in a displacement of
over 10 Å.

The structural observations also suggest explanations for
the burst and slow phases of the kinetics, as well as the
variation in rate of the slow phase as a function of the amount
of added Ca2+. The burst phase corresponds to the conversion
of C0 to C1 or C2 and is not limited in rate by the
isomerization of peptide bonds. According to this interpreta-
tion, C0 is the form of the apoprotein primed for binding to
Ca2+ by the presence of the cis peptide bond preceding Pro191.
The structural transitions required for Ca2+ binding thus occur
with the fast kinetics of a process for which the rate is

determined by the relatively small conformational changes
accompanying the rotation of side chain and main chain
torsion angles about single bonds. In contrast, molecules of
apoprotein with a trans peptide bond preceding Pro191 must
undergo large conformational changes, including a 180°
rotation about a peptide bond, before being able to bind to
Ca2+.

The variation in rate as a function of the amount of added
Ca2+ suggests that the binding of Ca2+ involves a sequence
of two reactions, in which the rate of the second, slow
reaction is dependent on the concentration of Ca2+. As the
concentration of Ca2+ is raised (up to at least 1 mM), the
rate constant of the slow phase following Ca2+ binding
decreases (Figure 4A). The mechanisms presented in models
1 and 2 (Figure 6A,B) indicate that the relaxation rate
constant for the slow cis-trans isomerization equilibrium is
the sum of the forward and backward rate constants (eq 3a).
The contribution of the backward rate constant to the overall
rate constant decreases at high concentrations of Ca2+,
because higher amounts of Ca2+ lead to the depletion of the
intermediate C0 during the course of the reaction. Therefore,
at high concentrations of Ca2+, 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 Ca2+. The kinetics of fluorescence
changes above 1 mM Ca2+, however, cannot be explained
by this mechanism (Figure 7). Moreover, the structure of
the one-Ho3+ form of MBP-A (Figure 2B; ref14) indicates
that a form of the protein containing a single divalent cation
bound to site 1 and a trans peptide preceding Pro191 is
significantly populated at intermediate concentrations of Ho3+

and perhaps also Ca2+, and this state does not correspond to
any of the states in model 2.

Two slightly more complex models can account for both
of the deficiencies of the simpler model. Model 3 introduces
state T1, which corresponds to a one-Ca2+ form of the protein
with a trans peptide preceding Pro191. It is likely that this
kinetic intermediate represents a conformation similar to that
observed in the crystallographically observed one-Ho3+-form
of MBP-A (Figure 2B). Adding this state to the model allows
for an alternative Ca2+-binding pathway, which becomes
important at high concentrations of Ca2+, and can account
for the increase in the rate of the slow phase when more
than 1 mM Ca2+ is added (Figure 4A). The residual plot,
however, reveals remaining systematic deviations (Figure 7).
A six-state model introducing state T2, perhaps corresponding
to a two-Ca2+ form of the protein with a trans peptide
preceding Pro191, reduces some of these deviations. Unfor-
tunately, the increased complexity of the five- and six-state
models introduces parameters which are not well-defined by
the experiments presented in this paper. These models merely
suggest simple and physically plausible explanations for the
behavior of the system at high concentrations of Ca2+, and
other models of similar or greater complexity may account
for the observed kinetics equally well. Several other mech-
anisms have also been considered, but these tend to fit the
data more poorly or else invoke larger numbers of param-
eters. For example, models involving parallel random addi-
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tion pathways for Ca2+ binding, with intermediates containing
one Ca2+ bound to either site 1 or site 2, do not fit the data
as well as the equally complex five- and six-state schemes
presented in models 3 and 4.

A limitation of the kinetic models described in Figure 6
and the results presented in Table 1 is that several of the
parameters are highly correlated when fit to the data reported
here. For example, because the time scale of the kinetic
measurements is too coarse, the forward and backward rate
constants for each equilibrium involving the binding and
release of Ca2+ are highly correlated, and only the ratios of
these rate constants are well-defined (eq 3b). The bimolecular
rate constants for the Ca2+-binding steps have been set to
106 M-1 s-1 during parameter optimization, because the
kinetics predicted by the model over the time scale of the
experiments are not sensitive to this parameter unless the
rate constant is reduced below 105 M-1 s-1, at which point
the bimolecular Ca2+-binding step becomes rate-limiting at
low concentrations of Ca2+. A value in the range 106-108

M-1 s-1 for the bimolecular rate constant is comparable to
experimentally determined rate constants for Ca2+-binding
reactions in a number of proteins (42). Stopped-flow experi-
ments are needed to define precisely the kinetics of the faster
Ca2+-binding steps in the MBPs, but for the purposes of
analyzing the much slower isomerization steps, the ap-
proximations used in this paper are acceptable. A second
limitation of the modeling is that the molar fluorescence
values of the more poorly populated intermediate states
present in the more complex models are highly correlated
with the rate constants of steps involving these species.
Additional experiments at higher concentrations of Ca2+,
double-mixing experiments, and stopped-flow experiments
would help to define the molar fluorescence value of the
poorly populated intermediates T1 and T2, as well as the rate
constants involving the formation and removal of these
intermediates.

Despite these limitations, the global analysis of binding
kinetics in terms of models 1-4 indicate that the parameters
describing the slow steps are well-determined by the experi-
ments reported here. Most importantly, the unimolecular
isomerization rate constants for the interconversion of C0

and T0 are not highly correlated with other parameters. These
rate constants are well-defined, because the equilibrium ratio
of C0 and T0, and the kinetics following the addition of
chelator to the Ca2+-saturated protein are both determined
directly by these two rate constants (eq 3). Moreover, both
the rate constants and amplitudes of the slow phase following
the addition of Ca2+ are sensitive to these rate constants (eq
3b). The ratio of the forward and backward rate constants
for the equilibrium between T0 and C0 refines to a value
between 4 and 5 (Table 1), which corresponds to 80-85%
of the apoprotein adopting the trans conformation.

Functional Implications of cis-trans Prolyl Peptide
Isomerization Accompanying Ca2+ Binding in C-type Animal
Lectins. Structure-based sequence alignments indicate that
the Ca2+- and carbohydrate-binding site containing the cis-
proline in the MBPs is highly conserved in all C-type lectins
that are known to bind carbohydrates (10, 54, 55). Because
the tripeptide sequence containing the cis-proline is an
integral part of this binding site, isomerization of the proline
like that observed in the MBPs may accompany the binding
of Ca2+ in a wide range of C-type lectins. In turn, the

existence of a prolyl peptide isomerization event accompany-
ing Ca2+ binding implies that the kinetics of Ca2+ binding
in many C-type lectins may show hysteresis; that is, the
overall rate of Ca2+ binding will reflect the previous
conformational state of the apoprotein. If the proline in the
apoprotein remains in the cis conformation, the binding of
Ca2+ would be limited in rate by the relatively fast bimo-
lecular reaction between protein and metal ion, but if the
proline isomerizes to the trans conformation, the binding of
Ca2+ would be limited in rate by the relatively slow
isomerization reaction. The fact that the proline in 80-85%
of the apoprotein molecules is in the trans form suggests
that proline isomerization will have a significant effect on
the overall kinetics of Ca2+ binding in the C-type lectins.

The slow kinetics of Ca2+ binding may have an essential
role in receptor-mediated endocytosis. Several C-type lectins,
including the hepatic lectins (asialoglycoprotein receptors),
the macrophage galactose receptor, and the macrophage
mannose receptor, undergo internalization and recycling to
the cell surface (1). During this process, a carbohydrate-
bearing ligand is bound by the lectin at the cell surface, and
the lectin-ligand complex is internalized in an endocytic
vesicle. Acidification of the vesicle titrates the Ca2+ off the
protein, causing the ligand to dissociate from the lectin. The
ligand and membrane-bound lectin are sorted into different
vesicles, and the lectin is recycled back to the cell surface
(56). This process is essential for the internalization of
glycoprotein ligands into hepatocytes and macrophages, and
relies on the efficient pH-coupled release and rebinding of
ligands by the Ca2+-dependent lectin (57). The kinetics of
receptor recycling in a cell occurs on a time scale comparable
to that of protein conformational changes governed by proline
isomerization. Recycling of the asialoglycoprotein receptor
in a hepatoma cell line can be divided into a phase involving
ligand binding whose rate is dependent on the concentrations
of receptor and ligand, and a phase dependent only on the
mechanics of endocytosis and vesicle sorting (58). The first
phase has a half-life of 8.7 min in the presence of a half-
saturating concentration of ligand, whereas the second phase
requires roughly 6 min to complete at 37°C.

A peptide isomerization event following the loss of Ca2+

may have two effects that are relevant on the time scale of
the endocytic cycle. First, the receptor may remain in the
Ca2+-free state for one or two minutes, which is long enough
for a significant fraction of the receptor molecules to
isomerize into a form (T0 in models 1-4, Figure 6) that
cannot bind either Ca2+ or carbohydrate ligands. In this case,
the receptor would be kinetically trapped in a binding-
incompetent state to facilitate its separation from the
carbohydrate ligand. Second, once the receptor is brought
into a neutral pH environment with sufficient Ca2+, there
will be a lag phase with a half-life on the order of one or
two minutes in the activation of those molecules which have
isomerized to the T0 state. This trans to cis isomerization
event would be the kinetic penalty required to pay for the
first isomerization event. Although the measurements re-
ported here were made at neutral pH, the kinetics of proline
isomerization is not strongly dependent on pH in the range
5.0-7.5 (17), which is the range of pH that various receptors
are likely to encounter during the endocytic cycle.

The measurements reported in this paper were performed
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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