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ABSTRACT: We use direct infrared measurements to determine the number of binding sites, their dissociation
constants, and preferential interaction parameters for inorganic phosphate and sulfate anions in collagen
fibrils from rat tail tendons. In contrast to previous reports of up to 150 bound phosphates per collagen
molecule, we find only 1-2 binding sites for sulfate and divalent phosphate under physiological conditions
and∼10 binding sites at low ionic strength. The corresponding dissociation constants depend on NaCl
concentration and pH and vary from∼50 µM to ∼1-5 mM in the physiological range of pH. In fibrils,
bound anions appear to form salt bridges between positively charged amino acid residues within regions
of high excess positive charge. In solution, we found no evidence of appreciable sulfate or phosphate
binding to isolated collagen molecules. Although sulfate and divalent phosphate bind to fibrillar collagen
at physiological concentrations, our X-ray diffraction and in vitro fibrillogenesis experiments suggest
that this binding plays little role in the formation, stability and structure of fibrils. In particular, we
demonstrate that the previously reported increase in the critical fibrillogenesis concentration of collagen
is caused by preferential exclusion of “free” (not bound to specific sites) sulfate and divalent phosphate
from interstitial water in fibrils rather than by anion binding. Contrary to divalent phosphate, monovalent
phosphate does not bind to collagen. It is preferentially excluded from interstitial water in fibrils, but it
has no apparent effect on critical fibrillogenesis concentration at physiological NaCl and pH.

Inorganic phosphate and sulfate anions are present in
animal and human extracellular fluids at 1-3 mM concen-
trations, and they appear to play an important role in
formation and properties of extracellular matrix. They affect
collagen fibrillogenesis (1), interactions involving other
matrix components (e.g., binding of glucosaminoglycans to
collagen fibrils (2)), and mechanical properties of the matrix
(3). Tribasic and dibasic forms of phosphate are also major
components of hydroxyapatite crystals. Formation of these
crystals within a network of collagen fibrils gives bone,
dentin, enamel, and other mineralized tissues their unique
properties. Interactions of ionic components of hydroxy-
apatite with collagen at surfaces and inside highly hydrated
fibrils are, thus, likely to influence matrix mineralization and
properties of mineralized tissues (4, 5).

Despite their obvious importance and frequent utilization
of phosphate as a buffer in biochemical studies of collagen,
the underlying interactions of phosphate and sulfate with
collagen fibers have so far remained largely unclear. For
instance, these anions were shown to slow collagen fibril
formation (1, 6) and increase critical fibrillogenesis concen-
tration (7). But, it was not determined whether these effects
were caused by anion binding or other interactions. Even
the number of bound anions was not firmly established. Some
authors observed binding of∼6 phosphates per collagen
molecule at 100 mM NaCl and∼20 phosphates at low NaCl
(5), while others claimed up to 150 phosphates bound at 0.16
M KCl (4). Furthermore, we found no published values of

the corresponding binding or dissociation constants and no
studies distinguishing different protonation forms of phos-
phate (which may have different interactions with collagen).

To resolve these issues, we investigated interactions of
sulfate and different protonation forms of phosphate with
collagen fibrils by infrared spectroscopy, small-angle X-ray
diffraction, and collagen solubility measurements. Here we
report the number of binding sites for different anions and
the corresponding dissociation constants. We describe the
dependencies of these values on pH and NaCl concentration
and suggest possible locations of the binding sites. We
demonstrate that phosphate and sulfate anions not bound at
these sites are preferentially excluded from interstitial water
in fibrils and estimate the corresponding partition coefficients.
We show how different anions affect fibril formation and
structure and discuss which interactions are responsible for
the observed effects.

MATERIALS AND METHODS

Solutions.Solutions were prepared from sodium salts
Na2HPO4, NaH2PO4, Na2SO4, NaCl, and NaOH of 99.9+%
purity (Aldrich) with HEPES1 or MES buffers of 99+%
purity (Aldrich) in deionized water and titrated to desired
pH ) 5.5-9 with concentrated NaOH.

* Corresponding author. E-mail: mertze@mail.nih.gov. Tel: (301)
402-4699. Fax: (301) 402-0292.

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; FTIR,
Fourier transform infrared; HEPES, 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid; IR, infrared; MES, 2-(N-morpholino)ethanesulfonic
acid; NEM,N-ethylmaleimide; PMSF, phenyl methyl sulfonyl fluoride;
R, molar gas constant; RTD, resistance temperature detector; Tris, tris-
(hydroxymethyl)aminomethane.
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Tail Tendons. Frozen tails of 6-week-old rats were
purchased from Pel-Freez Biologicals and stored at-80 °C.
Tendons were excised, washed, and stored in 3.5 M NaCl,
10 mM Tris, 20 mM EDTA, 2 mM NEM, 1 mM PMSF, pH
7.5, at 4°C. Prior to FTIR measurements, tendons were
washed in 20 mM NaCl, 10 mM HEPES, pH 7.5, for a few
hours at 25°C. For some experiments, crystalline organiza-
tion of collagen in tendon was disrupted by overnight
equilibration in 0.2 M Na-phosphate, 1M glycerol, pH 7.5,
at 4°C, by 0.5-3 h equilibration in 0.03-0.5 M acetic acid
at 25°C, or both.

Infrared Spectroscopy. A small fiber was separated with
needlepoint tweezers from a tendon soaked in 20 mM NaCl,
10 mM HEPES, pH 7.5, solution, stretched, covered by a
droplet of the soaking solution, sandwiched between two
ZnSe infrared windows (13 mm× 2 mm disks), and sealed
by a thin layer of high-vacuum Teflon grease around the
outer perimeter of the windows. The top window was fitted
with inlet and outlet ports for exchanging solution. The
sandwich was mounted into a specially designed flow cell
the temperature of which was monitored by a RTD probe
and controlled by Peltier elements to within 0.1°C (US
patent pending). The mounted sample was flattened to the
desired optical path length (3-10 µm), washed with plenty
of the desired solution, and annealed by several heating and
cooling cycles between 5 and 45°C. Typical final dimensions
of the flattened fiber were∼5 mm in length,∼50-150µm
in width, and 3-10 µm in thickness. The optical path length
(sample thickness) was measured from interference fringes
in the spectrum of the bathing solution from 4000 to 7000
cm-1 (8). The measurements performed on two sides of each
fiber used for experiments were consistent within 0.1µm.

This setup enabled us to perform complete exchange of
the bathing solution within several seconds and to set highly
accurate and stable optical path length, which remained the
same (within 0.01µm measurement accuracy) for at least a
month and after multiple solution changes. The variation of
sample absorbance with time was less than 0.0002 absor-
bance units (au) during each experiment and less than 0.0005
au within a month, allowing us to perform highly accurate
and reproducible measurements of difference absorption
spectra.

Fourier transformed infrared (FTIR) spectra were collected
in the 700-7000 cm-1 range with a Continuum infrared
microscope (Thermo Nicolet Corp., Madison, WI) equipped
with a narrow-band MCT/A detector and 15× Reflachromat
IR objective/condenser. The microscope was attached to a
Nexus 670 FTIR spectrometer equipped with a KBr beam
splitter (Thermo Nicolet Corp.). The infrared beam was
focused onto a rectangular spot within the fiber (typically
150µm long) the position of which was controlled visually
through the microscope eyepieces within∼1 µm accuracy.
Each spectrum was collected by accumulation of 300
interferometer scans at 4 cm-1 resolution and averaged over
3-10 runs. Spectral changes caused by variation in the
bathing solution typically occurred within 15 min for acid-
treated tendons and∼120 min for untreated tendons. The
final spectra were recorded after the equilibration was
complete and no further spectral changes were observed.

Structural Organization of Collagen Fibers.For interpre-
tation of our data, we distinguish three primary structural
levels in hierarchical organization of macroscopic collagen

fibers (e.g., see ref9 and references therein). We refer to
microfibrils as the smallest microscopic structural units,
which consist of only several molecules in diameter (e.g.,
the Smith microfibril (10)). We refer tofibrils as microfibril
assemblies with correlated lateral positions and well-defined
axial stagger of the molecules. Finally, we refer tofibersas
loosely packed bundles of fibrils the lateral and axial
positions of which are not correlated.

To estimate the volume fractions of collagen (θc), inter-
stitial water inside collagen microfibrils (θwc), and essentially
bulk water filling defects within fibrils and voids between
fibrils (θwb) from the IR spectra, we used several different
methods: (i) We determinedθwc + θwb by comparing the
observed IR spectrum of the sample in the 3000-3600 cm-1

range with the reference spectrum of water. We then
recalculatedθc andθwc from identity

and from the volume ratio for fully solvated noncrystalline
rat tail tendon fibers

estimated from Raman and X-ray measurements and water
uptake by dehydrated tendon fibers (e.g., see refs11-13).
The accuracy of this approach was limited by the distortion
of water IR spectrum due to altered structure of interstitial
water inside collagen microfibrils. (ii) We collected spectra
from several fibers that were treated differently prior to being
assembled in the IR cell. Some of the samples appeared to
have a minimal amount of bulk water. For these samples,
we estimatedθc as ∼0.45 and used them to calibrate the
intensity of nondichroic collagen IR absorption bands at 1082
and 1033 cm-1. We used the intensities of these bands to
determineθc in other samples and recalculatedθwc andθwb

from eqs 1 and 2. Here the accuracy was limited by the
assumption that the calibration samples contained no bulk
water voids and were fully solvated at the same time. (iii)
Finally, we subtracted scaled IR spectra of the samples with
minimal bulk water from the IR spectra of more porous
samples containing substantial bulk water voids. The scaling
factors were adjusted until the intensities of the 1082 and
1033 cm-1 bands were matched and the bulklike spectrum
of water in the voids was obtained. From scaling of the void
water spectrum with respect to reference water spectrum,
we determinedθwb and recalculatedθc andθwc from eqs 1
and 2. From comparison of the results obtained by all three
methods, we estimated that the accuracy of the measurement
of θc andθwc was∼0.1θc and 0.1θwc correspondingly. The
accuracy of the measurement ofθwb was∼0.2θwb in porous
samples (θwb ≈ 0.3), and it was poorly defined in densely
packed fibers withθwb < 0.1.

X-ray Diffraction. Phosphate-glycerol-treated tendons
washed in 20 mM NaCl, 10 mM HEPES, pH 7.5 (see Tail
Tendons subsection), were equilibrated in 0-5 mM Na-
phosphate, 3 mM HEPES at pH 6.8 and pH 8.2 at 20°C for
a week with 3-4 exchanges of the equilibrating solution.
Tendon fibers from each solution were folded into a∼5 mm
long and 1 mm thick sample. Each sample was sealed in a
specially designed cell with a small amount of the solution
and placed into a FR590 X-ray diffractometer (Enraf Nonius)
where it was maintained at 20°C during the measurement.

θc + θwc + θwb ) 1 (1)

θwc/θc ≈ 1.2 (2)
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The diffractometer was optimized for midangle X-ray
diffraction with the range of reciprocal space vectorsq from
0.1 to 1 Å-1 and reciprocal space resolution of∼0.02 Å-1.
Details of the design of X-ray cells and temperature
controllers were described in ref14. The diffraction patterns
were recorded on FUJIFILM MS imaging plates and scanned
on a FUJIFILM FLA-3000 (FUJI Medical Systems) scanner.

Purified, Pepsin-Treated Collagen.Purified, pepsin-treated
collagen was prepared by pepsin (Calbiochem) digestion of
rat tail tendons in 0.5 M acetic acid (1:10 pepsin/tendons
added in two doses separated by 24 h) followed by two
rounds of salt precipitation (1 M NaCl in 0.5 M acetic acid).
The final precipitate was resuspended in 2 mM HCl (pH
2.7), dialyzed against excess 2 mM HCl, mixed 1:1 with 20
mM sodium phosphate, 0.26 M NaCl (pH 7.5 after mixing),
and equilibrated at 32°C overnight. The resulting collagen
fibrils were spun down, resuspended in 50 mM acetic acid,
dialyzed against excess 50 mM acetic acid overnight, freeze-
dried under vacuum, and stored at 4°C.

For fibrillogenesis experiments, pepsin-treated collagen
was dissolved in 2 mM HCl and additionally purified by
two rounds of fibrillogenesis in 130 mM NaCl, 10 mM
HEPES (pH 7.5) at 0.2 mg/mL collagen concentration.
Resulting fibrils were spun down, resuspended in 2 mM HCl,
and extensively dialyzed, and collagen concentration in the
final stock solution was adjusted to 0.8 mg/mL.

In Vitro Fibrillogenesis. Aliquots of purified, pepsin-
treated collagen solution were mixed on ice with buffer and
salt stocks to produce final solutions of 0.2 mg/mL collagen,
0-30 mM Na-sulfate or Na-phosphate, 130 mM NaCl, 10
mM HEPES at pH 6.8, 7.5, and 8.2. The samples were sealed
in 0.5 mL vials and thermostated at 32( 0.2 °C overnight.
Control measurements of solution turbidity produced typical
S-shaped curves (1), indicating that fibril assembly was
complete within several hours. The fibrils were spun down
for 10 min at 20 000g, 32 °C; supernatants were removed
and mixed 200:1 with 6% Brij-35. Supernatants were handled
with pipet tips and vials rinsed in 0.03% Brij-35 to reduce
collagen adsorption.

Collagen concentration in the supernatant was determined
from the difference in the circular dichroism (CD) spectra
of native and denatured protein at 30°C in a quartz microcell
with 10 mm optical path length sealed by a Teflon stopper
(Starna). The spectra were collected in a Jasco-810 spec-
tropolarimeter equipped with thermoelectric temperature
controller (Jasco Inc) and averaged over 25 scans. Collagen
was denatured by heating the cell to 60°C for 5 min followed
by cooling and thermostating at 30°C for 5 min. Time-
resolved measurements confirmed that denaturation was
complete and no detectable renaturation occurred. The
method was calibrated by using reference collagen solutions
(2-30 µg/mL), and its sensitivity and accuracy were
estimated as∼1 µg/mL of collagen.

Alternatively, collagen concentration was measured by
mixing supernatant aliquots with bovine serum albumin
(BSA, Sigma), labeling with monoreactive Cy5 (Amersham)
as described previously (15) and separating on 3-8%
(gradient) precast Tris-acetate gels (Invitrogen) under
standard reducing conditions. The gels were analyzed in a
FUJIFILM FLA-5000 fluorescence scanner (FUJI Medical
Systems). Intensities of collagenR1(I) andR2(I) bands were
normalized to the BSA bands and compared with corre-

sponding normalized intensities of reference solutions. The
sensitivity and accuracy of this method were estimated as
<0.1 µg/mL and ∼25%. These and CD measurements
produced the same results for the same solutions.

THERMODYNAMIC ANALYSIS

Phosphate and Sulfate Binding and Partitioning. In our
analysis, we followed an established tradition of separating
strong binding of solutes (here phosphate or sulfate anions)
at specific binding sites and weak preferential interactions
of “free” solutes with proteins (16-19). Within this approach,
strong (specific) binding means that the number of potential
binding sites per protein is limited and a substantial fraction
of them can be occupied by bound solutes at relevant solute
concentrations. The preferential interactions may involve, for
example, exclusion or inclusion of solutes into protein
solvation shells in exchange for water molecules. However,
in contrast to strong binding, the number of such solutes is
proportional to their concentration in the surrounding solu-
tion. Therefore, it is convenient to refer to such solutes as
“free” rather than bound yet preferentially localized at protein
surface.

For analysis of the IR data on phosphate or sulfate
concentration in collagen fibrils, we also assumed that strong
binding of these anions to collagen can be described by a
simple binding isotherm with noninteracting binding sites
and a single effective dissociation constant (KD). Then the
total concentration of anions in a fibrillar sample (per unit
of sample volume) is given by

whereX is the anion concentration in the bathing solution,
cb is the concentration of anion binding sites per unit fiber
volume, andR is the apparent penetration coefficient for
“free” anions. The values ofcb and R are related to the
composition of the sample in the IR beam as follows

wheren is the number of binding sites per collagen molecule
in a fiber andVc ≈ 210 L/mol is the molar volume of
collagen. The partition coefficientp determines to what
extent “free” anions are preferentially excluded (p < 1) or
included (p > 1) into interstitial water (17, 18).

The values ofcb, KD, andR were determined directly by
fitting of the measured dependence ofXsmpl onX (cf. Figures
3 and 4) to eq 3, and the values ofn andp were recalculated
by usingθc, θwc, andθwb determined as described in Materials
and Methods.

To find the pH dependence of dibasic phosphate dissocia-
tion constant from measurement of the pH dependence of
Xsmpl ) [HPO4

2-]smpl at constant phosphate concentration in
solution, [H2PO4

-] + [HPO4
2-], we used the fact thatcb and

R for dibasic phosphate appear to be pH-independent (Table
1). Then,

Xsmpl ) cb
X

X + KD
bound anions

+ RX
“free” anions

(3)

cb ) n
θc

Vc
and R ) pθwc + θwb (4)
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and we used the fact that the pK for dibasic-monobasic
phosphate titration is 7.2.

To describe the observed variation of the dissociation
constant with pH, we assumed that at high pHKD ) KD

0

while at low pH KD ) KD
H, where KD

0 and KD
H are the

dissociation constants for the unprotonated and protonated
forms of the binding sites, correspondingly. Then, the pH
dependence of the average dissociation constant is

provided that protonation of binding sites in the presence of
bound anions can be described by a single pK (pK ) pKX).
On the basis of experimental observations, we neglected
binding of protonated anions (H2PO4

- and HSO4
-).

Collagen Solubility. For analysis of collagen solubility
data, we assumed that at small anion concentrationX, the
dependence of collagen solubilitys on X is given by (17,
18, 20-22)

wheres0 is collagen solubility atX ) 0, n′ is the number of
anion binding sites per collagen molecule in solution, and
K′D is the effective dissociation constant for these sites. The
coefficient

is defined by the change in the chemical potential of collagen,
µ̃′c - µ̃c, upon transfer from solution into aggregate in the
absence of strongly bound anions (n ) n′ ) 0). It is

associated with weak preferential interactions of collagen
with water and anions, that is, a difference in the net surface
deficit (excess) of anions near collagen molecules in fibrils
and in solution (17, 18, 20-22).

RESULTS

Difference IR Spectra. To measure small changes in
infrared (IR) spectra of solvated collagen fibers due to
phosphate and sulfate binding, we used an FTIR microscope
with a specially designed flow cell described in Materials
and Methods. This setup enabled us to keep the IR beam
focused on the same region of a solvated fiber, to prevent
the beam from passing through the surrounding solution, and
to establish a precise, constant beam path length inside the
sample. The resulting IR spectra of the same solvated
collagen fiber measured at different phosphate concentrations
are shown in Figure 1.

The absence of changes in collagen absorption bands from
1200 to 1500 cm-1 indicates that the addition of phosphate
does not induce any changes in the structure of fibrillar
collagen. The barely detectable (<0.5%) changes in the
librational band of water below 850 cm-1 (both in fibers
and bulk solution) are consistent with expulsion of water

Table 1: Binding and Preferential Interaction Parameters Obtained by Fitting of Anion Concentrations Accumulated in a Solvated Tendon (cf.
Figures 3 and 4) to Eqs 3 and 4a

pH 6.8 pH 8.2

anion parameter 0 mM NaCl 20 mM NaCl 130 mM NaCl 0 mM NaCl 130 mM NaCl

H2PO4
1- KD, mM b b b

n, mol/mol b b b
R 0.46( 0.05 0.40( 0.05 0.28( 0.05
p 0.45( 0.12 0.31( 0.14 e0.17

HPO4
2- KD, mM 0.034( 0.003 1.7( 0.15 1.9( 1 0.37( 0.04 b

n, mol/mol 9.9( 0.2 8.9( 0.5 1.7( 0.5 8.6( 0.3 b
R 0.31( 0.02 0.28( 0.02 0.34( 0.03 0.38( 0.03
p e0.24 e0.17 e0.31 0.23( 0.15

SO4
2- KD, mM 0.15( 0.05 4( 0.7 0.5( 0.1

n, mol/mol 11.1( 1 11.1( 1 10.3( 0.5
R 0.46( 0.05 0.32( 0.03 0.48( 0.04
p 0.45( 0.12 e0.26 0.51( 0.12

a All data are for thesametendon sample at 32°C. The dissociation constant for bound anions (KD) and the apparent penetration coefficient for
“free” anions (R) were obtained directly from fitting. The number of binding sites per collagen molecule (n) and the partition coefficient for “free”
anions in interstitial water in fibrils (p) were calculated from eq 4 based on the fit parameters and volume fractions (θc ) 0.33( 0.03,θwc ) 0.40
( 0.04, andθwb ) 0.27 ( 0.06) determined for this sample as described in Materials and Methods. All indicated errors are associated with the
fitting and the uncertainties in the volume fractions. The sample-to-sample variation was evaluated as∼50% and∼10% forKD andn, respectively,
at pH 6.8, 0 mM NaCl.b Linear concentration dependence with no appreciable binding was observed, indicating thatn < 0.5 or KD > 50 mM.

KD(pH) )
cbX

Xsmpl - RX
- X, where

X )
[HPO4

2-] + [H2PO4
-]

1 + 107.2-pH
(5)

KD )
KD

0 + KD
H10pKX-pH

1 + 10pKX-pH
(6)

ln( s
s0

) ) κXX - n ln(1 + X
KD

) + n′ ln(1 + X
K′D) (7)

κX ) 1
RT[∂(µ̃′c - µ̃c)

∂X ]
P,T,X ) 0

(8)

FIGURE 1: Infrared absorption spectra of a 7-µm-thick solvated rat
tail tendon equilibrated at different phosphate concentrations (3 mM
HEPES, pH 6.8, 32°C). Spectral changes occur only in the 1200-
900 cm-1 region of phosphate absorption (cf. Figure 2).
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from the volume occupied by anions and otherwise un-
changed collagen hydration. Similar conclusion of no
changes in collagen hydration can also be drawn from the
absence of changes in the hydration-sensitive (23) collagen
absorption bands, as well as minute (<0.5%) changes in
water bands at 3000-3700 cm-1. The only significant (up
to ∼10%) spectral changes in Figure 1 are seen in the 900-
1200 cm-1 region and are entirely consistent with absorption
of phosphate, which penetrated inside collagen fibrils.

High reproducibility of these measurements allowed us
to perform accurate subtraction of the fiber spectrum at zero
ion concentration. The corresponding difference spectra at
different sulfate concentrations (Figure 2) are similar to the
spectrum of sulfate in solution (Figure 2), except for a small
frequency shift apparently related to different hydrogen
bonding environment of sulfate inside collagen fibrils.
Likewise, difference spectra at different phosphate concen-
tration appear to be superimpositions of H2PO4

1- and HPO4
2-

absorption bands (cf. Figure 2). We further confirmed such
assignment by isotopic substitution (D2PO4

1- and DPO4
2-

in D2O), which resulted in similar frequency shifts in collagen
fibrils and in solution.

On the basis of this interpretation, we used the 1104 cm-1

band for sulfate, 987 cm-1 band for dibasic phosphate, and
932 cm-1 band for monobasic phosphate to measure con-
centrationsXsmpl of these ions inside collagen fibrils from
the difference spectra. Specifically,Xsmpl ) Xref(Ismpl/Lsmpl)/

(Iref/Lref), where Xsmpl is the anion concentration per unit
volume of the fibrillar sample andIsmpl and Lsmpl are the
integral intensity of the corresponding IR band and the beam
path length in the sample.Xref, Iref, and Lref are the anion
concentration, IR band intensity, and beam path length in a
reference anion solution. (Alternative determination of
phosphate concentration based on decomposition of the
broadened peak between 1200 and 1000 cm-1 into the 1080
cm-1 band of HPO4

2- and 1078 and 1163 cm-1 bands of
H2PO4

1- produced similar results).
Phosphate and Sulfate Binding and Partitioning. As

discussed in Materials and Methods (Structural Organization
of Collagen Fibers), three different subpopulations of sulfate
and phosphate might contribute to the total measured
concentration: (i) anions bound to collagen, (ii) “free” anions
dissolved in interstitial water inside collagen fibrils, and (iii)
anions in bulk aqueous solution filling the voids between
fibrils and structural imperfections of the sample. Relative
contributions of these subpopulations are proportional to the
volume fractions of collagen (θc), interstitial water (θwc), and
bulk water in defects within fibrils and in voids between
fibrils (θwb), correspondingly. These volume fractions varied
from sample to sample and were determined from analysis
of water and collagen contributions to the IR spectra as
described in Materials and Methods.

The dependence of sulfate concentration in the sample
Xsmpl on its concentration in the bathing solutionX observed
at pH 8.2 and pH 6.8 in the same sample is shown in Figure
3. The initial steep rise ofXsmpl is substantially larger than
the sum of the contributions from interstitial water and void
fractions, (θwc + θwb)X, expected in the absence of interac-
tions of sulfate with collagen (dotted line). Thus, the observed
rapid accumulation of sulfate appears to be caused by its
binding to collagen. All binding sites appear to be filled when
sulfate concentration in the surrounding solution exceeds
several millimolar. The subsequent linear increase inXsmpl

is consistent with accumulation of sulfate in interstitial water
and voids. However, the slope of this dependence is smaller
than expected in the absence of interactions of sulfate with
collagen, suggesting preferential exclusion of sulfate from
interstitial water.

To describe these effects quantitatively, we assumed that
(a) sulfate binding can be described by a simple binding
isotherm with noninteracting binding sites and a single
dissociation constantKD, (b) the molal concentration of
sulfate in voids is the same as that in the bathing solution,
and (c) molal concentration of sulfate in interstitial water is
proportional to the bulk concentration with the partition
coefficient p (p < 1 corresponds to ion exclusion from
interstitial water). The corresponding isotherm (eqs 3 and
4) was fitted to the data as shown in Figure 3. The fitted
values of the number of binding sites per collagen molecules,
n, the dissociation constant,KD, the apparent anion penetra-
tion coefficient,R ) pθwc + θwb, and the partition coefficient
for interstitial water,p, are listed in Table 1. Figure 3
graphically illustrates the separation of total sulfate into
bound and “free” (interstitial+ void) fractions at pH 8.2.

Concentrations of monobasic (H2PO4
1-) and dibasic

(HPO4
2-) phosphate measured in the same sample at pH 8.2

and pH 6.8 are shown in Figure 4. The observed isotherms
for dibasic phosphate are qualitatively similar to those of
sulfate. The corresponding numbers of binding sites, dis-

FIGURE 2: Difference infrared spectra,A(X) - A(X)0), of a
solvated rat tail tendon at different phosphate (a) and sulfate (c)
concentrationsX (3 mM HEPES, pH 6.8, 32°C). The spectra are
similar to the difference spectra of phosphate (b) and sulfate (d) in
solution. Integral intensities of the 1104, 987, and 932 cm-1 bands
were used to determine the concentrations of sulfate, dibasic
phosphate, and monobasic phosphate in fibers, respectively.
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sociation constants, and partition coefficients are also listed
in Table 1.

Monobasic phosphate exhibits no appreciable binding.
Like dibasic phosphate, it is partially excluded from inter-
stitial water inside fibrils (p < 1). However, its partition
coefficient could be estimated only at pH 6.8 when a
significant fraction (71%) of total phosphate in solution was
in the monobasic form. At pH 8.2, only 9% of phosphate in
solution was monobasic, and no monobasic phosphate could
be detected inside fibrils within the experimental error.

Effect of pH on Phosphate and Sulfate Binding and
Partitioning. Comparison of the measured concentrations
(Figures 3 and 4) and of the corresponding dissociation
constants (Table 1) reveals substantially stronger binding of
divalent anions to collagen at pH 6.8 than at pH 8.2. The
binding at lower pH is enhanced due to a substantial decrease
in the corresponding dissociation constants, while the number
of binding sites and the partition coefficients of “free” ions
appear to be pH-independent. The observed effect is quali-
tatively similar for sulfate and dibasic phosphate, although
the change in the sulfateKD appears to be smaller.

A more detailed pH dependence of dibasic phosphate
binding is shown in Figure 5 at fixed total phosphate

concentration in solution, [H2PO4
1-] + [HPO4

2-] ) 0.2 mM.
Upon pH decrease from 8.8 to 5.5, the concentration of
dibasic phosphate bound inside fibrils increases from about
2.5 to about 10 mM, while the concentration of dibasic
phosphate in the surrounding solution decreases from 0.2 to
less than 0.004 mM. Figure 5 shows the corresponding values
of dibasic phosphateKD determined from the titration curve
for [HPO4

2-]smpl by using the pH-independent values ofn
andR measured at pH 6.8 and 8.2 (see eq 5). The resulting
pH dependence ofKD is well fitted by a simple titration curve
for dibasic phosphate binding sites (eq 6) with pK ) 8.2 (
0.2 (Figure 5). The extrapolated plateau values ofKD at low
and high pH aree300 nM and∼1 mM, that is, differ by
more than 3 orders of magnitude.

Effect of Salt. We observed a profound effect of NaCl on
binding of sulfate and dibasic phosphate and some effect on
the partition coefficient of monobasic phosphate (see Table
1). Specifically, at pH 6.8, addition of 20 mM NaCl increased
the dissociation constants of sulfate and dibasic phosphate
about 30-fold while the apparent number of binding sites
remained unchanged. Further addition of NaCl to 130 mM
had almost no effect on the dissociation constant of dibasic
phosphate. At the same time, the number of binding sites

FIGURE 3: The left panel shows accumulation of sulfate inside a solvated rat tail tendon upon variation of its concentration in the bathing
solution at pH 6.8 and 8.2 (3 mM HEPES, 32°C). The solid lines are fits to eq 3. The dotted line is the concentration expected in the
absence of binding and preferential interactions of anions with collagen. The slope of this line is the total volume fraction of water in
tendon. The right panel shows the contributions of bound and “free” (not bound to specific sites) anions into the total concentration of
sulfate inside tendon at pH 8.2. The corresponding curves were calculated from eq 3 based on the fitted values of the concentration of
binding sites,cb, their dissociation constant,KD, and the penetration coefficientR for “free” anions (the slope of the “free” anions line).

FIGURE 4: Accumulation of monobasic and dibasic phosphate in solvated tendon upon variation of phosphate concentration in 3 mM
HEPES solutions (32°C) at 0 mM NaCl, pH 6.8 and 8.2 (left), and 130 mM NaCl, pH 6.8 (right). The lines are fits to eq 3. Straight line
fits suggest that monobasic phosphate does not bind to collagen in fibers. The slopes of all lines at high concentrations (in the linear
regime) are smaller than the volume fraction of water in the sample, indicating that both dibasic and monobasic phosphate anions not
bound to specific sites are preferentially excluded from interstitial water in fibrils.
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decreased from∼10 to ∼2, suggesting that at least two
different types of binding sites might be present in the sample
(more and less sensitive to salt). A qualitatively similar effect
was observed at pH 8.2, but it was difficult to measure
quantitatively due to substantially higher dissociation con-
stants.

Effects of Temperature, Osmotic Pressure, and Tendon
Crystallinity. In addition to salt and pH, collagen fiber
structure is affected by temperature and osmotic pressure
(24, 25). However, we found that only salt and pH had a
significant effect on phosphate binding. We observed no
substantial changes in the dissociation constant and number
of binding sites for dibasic phosphate upon fiber dehydration
by up to 10% PEG and upon temperature change from 20
to 32°C. Furthermore, within the range of sample-to-sample
variation, the dissociation constant and the number of binding
sites were the same in crystalline tendon fibers and in fibers
the crystallinity of which was disrupted (26) by phosphate-
glycerol or acid treatments or both (cf. Table 1).

Collagen Solubility. Addition of phosphate was found to
increase fibrillogenesis lag time (1, 7) and collagen solubility
(7). Similar but weaker effect on the lag time was also
observed for sulfate (6). To better understand the role of
mono- and dibasic ionic forms of phosphate and the role of
phosphate binding in collagen fibril formation, we measured

the dependence of equilibrium collagen solubility on phos-
phate and sulfate concentrations at pH 6.8, 7.5, and 8.2. Since
NaCl affects binding of dibasic phosphate and partitioning
of monobasic phosphate in collagen fibrils, we chose to
perform these experiments in 10 mM HEPES buffer with
constant 130 mM NaCl concentration. Following the estab-
lished tradition (27, 28), we defined the solubility as the
concentration of collagen in supernatant after overnight
equilibration in the corresponding buffer at 32°C followed
by centrifugation (see Materials and Methods).

The observed dependence of the logarithm of solubility
on phosphate and sulfate concentration is shown in Figure
6. The effect of phosphate is highly pH-dependent, while
the effect of sulfate is not. However, when the logarithm of
collagen solubility is plotted vs the concentration of dibasic
phosphate, the effect appears to be pH-independent and
identical to the effect of sulfate (Figure 6, right panel). Unless
this is a coincidence, it appears that the increase in collagen
solubility upon variation of phosphate can be attributed
entirely to the action of the dibasic form of phosphate.

Fitting as well as qualitative comparison of the solubility
data with eq 7 suggest that (i) the main linear trend of the
observed solubility increase is caused by preferential interac-
tions of anions with collagen, (ii) anion binding to collagen
in fibrils reduces solubility and explains the observed

FIGURE 5: The left panel shows variation of dibasic and monobasic phosphate concentrations with pH in solution (calculated from known
pK2, top) and in tendon (measured by IR, bottom) upon equilibration in 0.2 mM total phosphate, 3 mM HEPES at 20°C. The solid line
in the bottom panel is the best fit to eqs 3-6. Only bound phosphate anions are detectable by IR in tendon at these conditions. The absence
of bound monobasic phosphate at pH 5.5 suggests that pK2 of bound phosphate is at least 3 units lower than that in solution. The right panel
shows the dependence of the dissociation constant,KD, for dibasic phosphate on pH in 3 mM HEPES at 20°C. Solid squares are the data
recalculated from the plots on the left by means of eq 5. Open squares areKD obtained by fitting of 20°C isotherms similar to those shown
in Figure 4. The solid line is the best fit to eq 6. Note that the binding sites are protonated with pKX ≈ 8.2 in the presence and pK ) [8.2
- log(KD

0 /KD
H)] ≈ 4-5 in the absence of bound phosphate.

FIGURE 6: Collagen solubility vs phosphate and sulfate concentrations in 130 mM NaCl, 10 mM HEPES at 32°C. Lines are fits to eq 7.
The normalized (ln(s/s0)) solubility curves coincide for phosphate and sulfate at all pH when plotted vs concentrations of divalent anions
(right panel), suggesting that monobasic phosphate has no effect on solubility.
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deviation from linearity, and (iii) there is no appreciable
anion binding to collagen in solution in the 0-50 mM
concentration range. The best fit parameters based on these
assumptions areκHPO4

2- ≈ κSO4
2- ≈ 250 M-1, n ≈ 1-2, and

KD ≈ 5 mM. The fitted curves are shown in Figure 6. The
fitted number of binding sites,n, and the dissociation
constant,KD, in fibrils are in reasonable agreement with direct
IR measurements (Table 1). However, their evaluation from
collagen solubility data is less reliable. (They are responsible
for only a relatively small contribution to the solubility, and
their fitted values might be affected by other neglected
contributions from fibrillogenesis-incapable collagen, osmotic
compression of fibers by excluded ions, etc.).

Note that the dependence of the logarithm of collagen
solubility on phosphate concentration observed here is in
qualitative agreement with the dependence reported in ref
7. However, collagen solubility at zero anion concentration
(∼0.5-1 µg/mL) and the slope of this dependence (∼250
M-1) are different from the corresponding values (∼10 µg/
mL and∼13 M-1) obtained in ref7. The difference could
be related, for example, to a different buffer system and
higher purity of the collagen used in the present study (see
Materials and Methods).

Fiber Structure. To evaluate the effect of bound dibasic
phosphate on collagen-collagen interactions, we measured
equatorial X-ray diffraction patterns from collagen fibers
(Figure 7). To improve sensitivity of the measurement, we
used tendon fibers of which the crystallinity was disrupted
by phosphate-glycerol treatment (see Materials and Meth-
ods). To prevent compression (dehydration) of fibers due to
osmotic action of excluded ions, we performed the measure-
ments without NaCl and at phosphate concentrations below
5 mM (which should still be sufficient to saturate all binding
sites, see Table 1).

Representative diffraction patterns measured at pH 6.8 and
pH 8.2 at different phosphate concentrations are shown in
Figure 7. The peak atq ≈ 0.42 Å-1 arises from quasi-
hexagonal packing of molecules inside the fibrils and

corresponds to the average interaxial spacing ofdint ) 4π/
(qx3) ≈ 17 Å (26). The relatively large width of this peak
and the absence of higher order diffraction peaks are
characteristic of noncrystalline fibers and might be caused
by small diameter of collagen fibrils, as well as by deviations
from the ideal hexagonal packing with relatively broad
distribution of interaxial spacings (26, 29-31).

We observed no effect of pH and phosphate addition on
the position of the diffraction peak within the experimental
error (∼0.01 Å-1), suggesting that the average interaxial
distance between molecules inside fibrils was the same.
However, we observed substantial broadening of this peak
toward lowerq at pH 6.8 suggesting some disruption of fibril
structure (see Discussion). This broadening was reduced
already by 0.05 mM phosphate and completely eliminated
by 1 mM phosphate. Higher phosphate concentrations, up
to 5 mM, had no additional effect on the diffraction pattern.

Interestingly, visual examination at low magnification
revealed a swollen appearance of phosphate-glycerol-treated
fibers equilibrated at pH 6.8 without phosphate. Subsequent
addition of phosphate reduced (0.05 mM phosphate) or
eliminated this visible swelling (1-5 mM), while NaCl had
a substantially weaker effect.

DISCUSSION

Phosphate and sulfate anions accumulate inside collagen
fibrils both as bound to collagen and as dissolved (“free”)
in interstitial water, which comprises∼55% of fibril volume.
We utilized IR microspectroscopy todirectly observe this
process in rat tail tendon fibers (viz., fibril bundles, see
Structural Organization of Collagen Fibers in Materials and
Methods), to detect differences in interaction of monobasic
and dibasic phosphate with collagen, to determine the number
of binding sites and the dissociation constant (KD) for each
anion, to evaluate preferential interactions of “free” interstitial
anions with fibrillar collagen, and to track conformational
changes in collagen backbone. We also used X-ray diffraction
to study the effect of bound anions on fibril structure and
measured critical fibrillogenesis concentration to find how
binding and preferential interactions of “free” anions affect
thermodynamics of fibrillogenesis.

Number of Binding Sites and Dissociation Constants. At
physiological conditions, dibasic phosphate (HPO4

2-) binds
in one to two sites per collagen molecule withKD ≈ 1-3
mM. In contrast, monobasic phosphate (H2PO4

-) exhibits
no appreciable binding. At low salt and neutral pH, the
number of dibasic phosphate binding sites increases to∼10,
still characterized by a single effectiveKD ≈ 50 µM (Table
1). The observedKD values for phosphate are highly pH-
dependent. For instance, low-saltKD decreases from∼1 mM
at pH 9 to∼0.1 µΜ below pH 6 (Figure 5). The number of
binding sites, the values ofKD, and the dependencies of these
parameters on salt and pH are similar for sulfate.

Binding Mechanism. Relatively low water content of
collagen fibrils and narrow interstitial space between collagen
molecules (surface to surface separation between collagen
molecules∼5-7 Å) makes the presence of large phosphate
and sulfate anions (diameter∼6 Å) inside fibrils energetically
unfavorable unless compensated by other interactions. Our
data show that phosphate and sulfate binding involves direct
hydrogen bonding with positively charged amino acid

FIGURE 7: Equatorial profiles for small-angle X-ray scattering from
solvated tendons at different phosphate concentrations in 3 mM
HEPES, pH 6.8 and 8.2, at 20°C. Phosphate binding does not affect
the Bragg peak position at either pH, suggesting that the distance
between most nearest-neighbor molecules in fibrils remains the
same. At pH 6.8, lateral packing of the molecules at larger distance
scales is disrupted, as indicated by appearance of a shoulder at small
q without phosphate. The disappearance of this shoulder above 1
mM phosphate indicates that phosphate binding restores this
packing.
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residues, but the main contribution to the binding energy
appears to come from electrostatics. Specifically, difference
IR spectra (Figure 2) reveal 3-10 cm-1 frequency downshifts
for the characteristic IR bands of bound anions, indicating
formation of hydrogen bonds that are stronger than those
with water. However, the similarity between dibasic phos-
phate and sulfate (rather than between two forms of
phosphate) and the observed 30-fold increase inKD at 20
mM NaCl suggest that electrostatic interactions are more
important. Most likely NaCl creates an ionic atmosphere
inside fibrils, screens the excess positive charge in the
binding sites, and, thereby, reduces the binding free energy.
(Although we cannot exclude competitive binding of Cl- as
an alternative explanation, the observed effect of NaCl would
then requireKD < 1 mM for Cl-, which is unlikely
considering that monobasic phosphate exhibits no appreciable
binding in this concentration range).

We believe that divalent anions bind at sites with excess
positive charge where they form salt bridges between two
positively charged amino acid residues not involved in ion
pairs with negatively charged residues. This interpretation
also explains why bound phosphate has pK2 e 4 while
phosphate in solution has pK2 ≈ 6.9-7.2 (depending on salt
concentration). Indeed, bridging of two cationic groups by
a divalent anion is far more energetically favorable than that
by a monovalent anion. Therefore, formation of such bridges
favors dibasic phosphate by shifting phosphate pK2.

It is tempting to speculate that the observed phosphate
binding and the accompanying shift in phosphate pK2 might
play an important role in matrix mineralization by helping
to accumulate divalent phosphate anions necessary for
formation of hydroxyapatite crystals, binding of collagen
fibrils to crystal surfaces, or both.

Possible Locations of Binding Sites. Binding of polyanions
at one to two sites with high excess positive charge on each
collagen molecule (both in solution and in fibrils) was
proposed based on collagen amino acid sequence and electron
microscopy of glycosaminoglycan complexes (32). For
lower-charge, divalent anions, we find no evidence of binding
to isolated collagen molecules in solution and up to 10
binding sites per molecule inside fibrils. Thus, while divalent
anion binding in fibrils might occur at the site(s) proposed
in ref 32, it must also occur at additional sites, probably
associated with accumulation of excess positive charge due
to staggered alignment of neighbor molecules. A qualitative
illustration of the existence of highly charged regions that
might contain such sites is given in Figure 8. It shows
locations and the net charge of regions where pairs of closely
positioned Lys+ and Arg+ and no Glu- or Asp- (on the same
or opposing molecules) are likely to occur and form salt
bridges with divalent anions. Additional positively charged
residues in the vicinity but not in direct contact with salt
bridges would further stabilize binding due to long-range
electrostatic interactions. To confirm involvement of these
or any other sites in divalent anion binding, more detailed
studies are needed, but this is beyond the scope of the present
work.

Interestingly, four of the potential binding sites contain
histidine residues consistent with the observed pH depen-
dence of phosphateKD. Indeed, this dependence implies that
most binding sites are protonated with pKX ≈ 8.2 in the
presence of bound dibasic phosphate (Figure 5). The pro-

tonation pK of the same sites in the absence of bound
phosphate should be lower by log[KD

0 /KD
H], that is, pK ≈

4-5. This range of pK within highly positively charged sites
is likely to be observed for histidine.

Role of Anion Binding in Fibrillogenesis. While phosphate
and sulfate bind to one to two sites per collagen molecule at
physiological conditions, this binding has only weak promot-
ing effect on fibrilogenesis. Consistent with previous reports
(1, 7), we did not observe any substantial changes in the
fibrillogenesis kinetics at physiological (1-3 mM) phosphate
and sulfate concentrations (data not shown). More impor-
tantly, at these concentrations, phosphate and sulfate have
only minimal net effect on critical fibrillogenesis concentra-
tion (collagen solubility) at 32°C (Figure 6).

However, at low ionic strength, phosphate binding be-
comes more significant, and it begins to affect collagen-
collagen interactions. For instance, pH 6.8 leads to visible
swelling of fibers compared to pH 8.2. The accompanying
changes in the low-angle equatorial X-ray diffraction pattern
(Figure 7) suggest that the distance between nearest-neighbor
molecules remains unchanged while distances between
(micro)fibrils increases. Most likely this is caused by
accumulation of an excess positive charge on collagen.
Binding of dibasic phosphate neutralizes this charge, restores
the diffraction pattern, and reduces the swelling.

“Free” Anions and Preferential Interactions.After all
binding sites are occupied, further increase in the phosphate
or sulfate concentration in the bathing solution leads to linear
increase in the number of “free” interstitial anions not
localized at any particular site (Figures 3 and 4). The slope
of this dependence yields the partition coefficientp < 1
(Table 1), meaning that “free” anions are preferentially
excluded from fibrils, that is, their net concentration in
interstitial water is lower than that in the bath.

Our IR and X-ray data indicate that accumulation of bound
and “free” interstitial anions is accompanied by displacement
of water molecules and that the total interstitial volume inside
fibrils remains unchanged within 0.5%. The IR spectra of
“free” interstitial anions are closer to the bulk compared to
those of bound anions but still downshifted by 3-6 cm-1

(Figure 2), indicating that their interactions with the im-
mediate environment are still different from bulk water.

Most likely, “free” interstitial anions tend to accumulate
at energetically favorable locations, for example, near
positively charged side chains not involved in ion pairs. At
the same time, they are preferentially excluded (displaced
by water) from many unfavorable locations, for example,
near hydrophobic or negatively charged side chains. Such
relatively weak interactions of a protein with solutes vs water
are traditionally referred to as “preferential interactions” (e.g.,
for detailed reviews, see refs17-19, 21, and 22). Their
thermodynamic consequences depend only on the net
interaction. In other words, although some sites on collagen
may preferentially attract phosphate or sulfate, it is the net
exclusion (surface deficit) of these anions from interstitial
water in fibrils and water at collagen surface in solution that
should affect fibrillogenesis thermodynamics. (Note that all
interstitial water in fibrils is essentially surface water since
surface-to-surface separation between collagen molecules in
fibrils does not exceed 5-7 Å).
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FIGURE 8: The pattern of axial charge densityq in type I collagen fibrils (a) and potential sites for binding of multivalent ions (b). We assume that binding involves formation of salt bridges (d)
between positively charged residues. Proposed locations of potential binding sites for anions (blue and green boxes) and cations (red box) correspond to the peaks inq|q|. These are regions of
high excess axial charge densityq with the largest probability (∝q2) of two unbalanced, like-charged residues to be close enough to form a salt bridge with a divalent counterion. (Due to∼8 Å
length and high flexibility of charged side chains, phosphate and sulfate anions can bridge them even when the corresponding CR-atoms are located∼22 Å away from each other). The axial
alignment of charged residues is based on amino acid sequence of mouse collagen, 234-residueD-periodic stagger (c) of molecules in fibrils (9, 37), andR1R2R1 register of the peptideR-chains
within each molecule (38). The boxes containing titratable histidine residues are marked by green color. Net charge within each box (excess charge per five collagen molecules) is shown above
the box.D-periods contributing the largest excess charge are listed under the net value. For simplicity, theD-periods are shown in panels b and d in a sequential order (9) (net axial charge density
in a fibril does not depend on lateral arrangement of molecules). The first and last residues of the triple helix are marked black and underlined; positively charged residues are blue (all arginine,
lysisne, and N-termini); negatively charged residues are red (aspartic acid, glutamic acid, and C-termini); histidine residues are green. The net charge densityq per unit length of collagen molecule
in the fibril was calculated as follows: Oppositely charged adjacent residues on the same chain were assumed to form an ion pair and were excluded. The density of the remaining charges was
convoluted using a Gaussian window of seven residues (∼20 Å) width at half-height (the maximal axial separation between CR-atoms on two molecules at which like-charged side chains can form
a direct salt bridge via a divalent counterion). Other convolution functions, alignments based on 233-residue stagger (39, 40), and other chain registers, and different mammalian sequences
produced similar charge patterns. Regions with the net charge of less than 3 were not marked. The dashed box indicates the region that might have a largepositive excess charge but of which
the charge is uncertain due to unknown conformation of nonhelical telopeptides.
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Effect of Preferential Interactions on Critical Fibrillo-
genesis Concentration. To clarify the role of preferential
interactions in fibrillogenesis, we revisited the dependence
of collagen solubility (critical fibrillogenesis concentration)
at 32°C on phosphate and sulfate concentrations. As reported
previously (7), the logarithm of collagen solubility increases
almost linearly with the anion concentration in the 0-50 mM
range (Figure 6). Such linearity is characteristic for prefer-
ential interactions (17, 18). But, protein solubility is often
expected to be decreased by excluded solutes because
aggregation is assumed to reduce their surface deficit (by
reducing the volume of water inaccessible to them). This
argument does not apply to collagen the fibrils of which
contain∼55% of interstitial water and might exclude more
anions than collagen solvation shells in solution. For instance,
we can explain our observations by a modest 10-20%
increasein the surface deficit of anions upon fibril formation.

In addition, Coulomb interactions between ions in the
bathing solution might be substantially different from
interactions between “free” ions in interstitial water inside
collagen fibrils due to changes in dielectric properties of their
immediate environment. This difference might result in a
significant electrostatic contribution to preferential interac-
tions. However, due to inherent difficulties in application of
dielectric theories at nanometer distances and our lack of
knowledge of microscopic dielectric properties of water, even
a qualitative prediction of the sign of this contribution might
be unreliable.

Overall, the observed increase in the critical fibrillogenesis
concentration at 10-50 mM phosphate and sulfate appears
to be related primarily to preferential interactions of these
anions with collagen rather than binding. Monobasic phos-
phate does not appear to have any effect at 130 mM NaCl,
while dibasic phosphate and sulfate have virtually identical
effects. The observed pH dependence of the phosphate effect
appears to be related to the variation in the concentration of
dibasic phosphate (pK2 ≈ 7). The reported pH dependence
of fibrillogenesis kinetics in phosphate buffers (1, 33) might
also have the same origin, but kinetic data are more difficult
to interpret.

Comparison with PreVious Studies.The ability of phos-
phate and sulfate anions to bind to collagen has been
discussed in the literature for several decades. However, to
the best of our knowledge, systematic measurements of the
correspondingKD, pH dependence, and discrimination of
dibasic and monobasic forms of bound phosphate have not
been reported. Therefore, we can compare our data only to
the previously reported numbers of bound anions. Specifi-
cally, ∼25 bound phosphates per collagen molecule in the
absence of NaCl were reported for calf-skin collagen at pH
7.4 (5). Similarly, ∼25 binding sites at low NaCl and∼6
sites at 100 mM NaCl can be deduced from the measured
(34) concentration dependence of total interstitial phosphate
in rat-skin collagen at pH 7.2. Considering that these reports
were based on chemical determination of phosphate con-
centration in fibers (5) or equilibration buffers (34) separated
by centrifugation, the agreement of these values with our
data is reasonable. In another study,∼150 bound phosphates
at 165 mM KCl/10 mM phosphate, pH 7.4, were reported
for guinea-pig and carp collagens (4). However, this number
of bound anions increased nearly linearly up to 10 mM
phosphate (the highest concentration used in that study). If

this were true binding, the linearity would mean that the
observed 150 anions occupy less than half of all available
binding sites and, therefore, that the number of binding sites
exceeds∼300 per molecule. In our opinion, this is unlikely
since a collagen molecule has only 270-275 positively
charged amino acid residues and most of them form ion pairs
with neighboring negatively charged residues.

Phosphate and sulfate effects on the kinetics of collagen
fibrillogenesis and the critical fibrillogenesis concentration
have also been discussed. However, the mechanisms of the
observed anion effects (1, 7, 35, 36) and possible origins of
the nontrivial pH dependence for phosphate effects (33)
remained unclear. Most often it was presumed that the
observed changes in fibrillogenesis kinetics were caused by
phosphate or sulfate binding (35, 36). For instance, it was
proposed that phosphate could inhibit fibril formation by
forming salt bridges between molecules in solution, thereby
hindering proper alignment of molecules required for fibril
formation (35). In contrast, we find that binding of divalent
anions has a weak promoting rather than inhibiting effect
on fibrillogenesis, that is, it reduces the critical fibrillogenesis
concentration. We demonstrate that the observed net inhibi-
tion of fibrillogenesis is caused by stronger preferential
exclusion of phosphate and sulfate from interstitial water in
fibrils than from collagen hydration layers in solution. We
also find that the differences in the effects of phosphate and
sulfate reported before (6, 35) were likely associated with
mixed ionic composition of phosphate (divalent and monov-
alent) at neutral pH rather than by inherent differences in
the effects of divalent anions.

CONCLUSIONS

Sulfate and phosphate bind to collagen at specific sites
inside fibrils. At the same time, most anions not bound to
these sites are preferentially excluded from interstitial water
in fibrils.

At physiological conditions, there are one to two binding
sites for sulfate and dibasic phosphate per collagen molecule
inside fibrils. The dissociation constant for these sites at pH
6.8 is KD ≈ 2 mM. It decreases at lower and increases at
higher pH. Bound divalent anions appear to form salt bridges
between pairs of positively charged amino acid residues. The
number of binding sites increases to∼10 and the dissociation
constant decreases 30-100 fold at low NaCl concentrations.

Divalent anion binding has weak promoting effect on
collagen fibril formation. The increase in critical fibrillo-
genesis concentration (collagen solubility) observed at physi-
ological NaCl appears to be caused primarily by the
preferential exclusion of nonbound divalent anions (which
makes fibril formation less thermodynamically favorable).

Unlike its divalent counterpart, monobasic phosphate
exhibits no appreciable binding to collagen. It is excluded
from interstitial water in fibrils almost as strongly as dibasic
phosphate, but this has no effect on fibrillogenesis.
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