Biophysical Journal Volume 78 April 2000 2049-2059 2049

Molecular Diffusion into Ferritin: Pathways, Temperature Dependence,
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ABSTRACT The detailed kinetics of permeation and effusion of small nitroxide spin probe radicals with the protein shells of
horse spleen ferritin (HoSF) and human H-chain ferritin (HuHF) and a 3-fold channel variant D131H+E134H of HUHF were
studied by electron paramagnetic resonance spectroscopy and gel permeation chromatography under a variety of experi-
mental conditions. The results confirm that the permeation of molecular species of 7-9-A diameter into ferritin is a charge
selective process and that the threefold channels are the likely pathways for entry into the protein. Studies with holoHoSF
show that increased temperature increases the rates of penetration and effusion and also increases the concentration of
positively charged spin probe accumulated within the protein in excess of that in the external solution. The interior of HOSF
is much more accessible to small molecules at physiological temperature of ~40°C than at room temperature. The large
activation energy of 63-67 kJ/mol measured for the effusion/penetration and the small diffusion coefficient, D ~ 5 x 1022
m?/s at 20°C, corresponding to a time of ~60 min for traversing the protein shell, is consistent with the kinetics of diffusion
being largely controlled by the restrictive porosity of the protein itself. An inverse dependence of the first-order rate constant
for effusion out of the protein channel on the incubation time used for radical penetration into the protein is attributed to
increased binding of the radical within the funnel-shaped channel.

INTRODUCTION

Ferritin plays a central role in iron homeostasis of a varietyal., 1985; Stefanini et al., 1989; Jones et al., 1978). Whether
of organisms by serving as a reservoir for metabolic ironreductants and chelators readily penetrate the protein shell
(Harrison et al., 1998; Chasteen, 1998; Harrison and Arosicand on what time scale has been a matter of some contro-
1996; Proulx-Curry and Chasteen, 1995; Harrison et al.yersy (Yang and Nagayama, 1995; Webb et al., 1994;
1986a; Ford et al., 1984). The protein shell of ferritin is Jacobs et al., 1989; Watt et al., 1988; Stuhrmann et al.,
composed of 24 subunits assembled to form a hollow cavity976; Jones et al., 1978; May and Fish, 1977). We ad-
of 4:3:2 symmetry with an inner diameter of 8.0 nm (Har- dressed this issue in a previous investigation using a variety
rison, and Arosio, 1996; Waldo and Theil, 1996; Ford et al.,of nitroxide spin probe radicals as molecular diffusants,
1984). Iron is stored in the central cavity in the form of awhich serve as models for the permeability of the protein
hydrous ferric oxide mineral core. There are eight hydro-shell to modestly sized reductants and chelators. The per-
philic and six hydrophobic channels along the threefold andneability of ferritin to these molecular species and the
fourfold axes of the protein shell, respectively, which con-giffusion kinetics were measured (Yang and Chasteen,
nect the ferritin cavity with its outside environment, making 1996). The key advantage of using nitroxides is that the
the protein an open system (Harrison et al., 1986b; Ford ghteraction between the nitroxide radical and the superpara-
al., 1984). It has been suggested that the threefold hydranagnetic iron core of ferritin eliminates the room-temper-
philic channels serve as the pathways for iron and othegyre electron paramagnetic resonance (EPR) signal of the
molecular species to enter and leave the protein interiogagical, providing a means of establishing whether the rad-
during iron deposition and mobilization (Treffry et al., jcg) is inside the protein cavity or not. The EPR spectrum
1993; Desideri et al., 1991; Stefanini et al.,, 1989; Wardeskaa aiso distinguish between protein-bound and free forms
etal, 19865 Le_w e.t al., 1996). Therefore the klnetlps Ofof the radicals according to their microenvironment and
_molecular diffusion into and out of the central cavity is an mobility (Berliner, 1976: Kocherginsky and Swartz, 1995).
important area of study. _ o Our previous study with horse spleen ferritin (HoSF)
The_ln vitro m_oblllzanon of iron from_ ferritin involves demonstrated that molecular charge and polarity of the
_reductlon 9f the iron(lll) corg and phelatlon of the .resu"amdiffusants play a critical role in their permeation into ferritin
iron(ll) (Crichton et al., 1975; Harrison et al., 1991; Watt et (Yang and Chasteen, 1996). A negatively charged nitroxide
was completely excluded from the interior of the protein,
: — o whereas positively charged and polar nitroxide radicals pen-
nggwed for publication 31 August 1998 and in final form 30 Decemberetrated the protein shell to interact with the iron core. An
Address reprint requests to N. Dennis Chasteen, Department of Chemistr;‘%pmqr neutral mtro?(lde_radlcal was fo_und to bind to _the
University of New Hampshire, Parsons Hall, Durham, NH 03824. Tel.: €xterior of the protein. First-order half-lives for permeation
603-862-2520; Fax: 603-862-4278; E-mail: ndc@christa.enh.edu. were estimated to be 21-26 min at room temperature. In
© 2000 by the Biophysical Society addition, diffusion was found not to be purely passive. It
0006-3495/00/04/2049/11  $2.00 was observed that the protein tended to accumulate the
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positively charged nitroxide at concentrations in excess of Structures of the Nitroxides at Neutral pH
that outside the protein shell when the protein was incubated

with the nitroxide for long periods of time>120 min at
15°C). Longer incubation times lead to slower rates of 0. 0. 0-
effusion of the nitroxide out of the protein and caused an | ,'\1 N
unexplained deviation from first-order kinetics.

The present study addresses these previously unexplained

phenomena and carries the analysis of the data to a higher CH,NH," )
level of sophistication, providing new insight into the de- OH )
tails of the mechanism of molecular transport across the

protein shell. Here, we focus on the temperature dependenggs-aminomethyl)-proxyl (1) 4-hydroxy-TEMPO (1lly 4-carboxy-TEMPO
of the diffusion and effusion processes and on the influences SCHEME |

of incubation time and spin probe concentration on the

observed kinetics of effusion. In this work, the partition of

the diffusant between the bulk solution phase and the prc,r_}ometf_]yl)—proxyl (3—aminomethy|—2,2,5,5—tetramethyl—l—pyrrolidinyloxy)

tein is found to increase with increasing incubation temper o™ Sigma Chemical Co. MOPS buffer (Brmorpholinojpropanesulfo-
S L. ic acid) buffer was purchased from Research Organics (Cleveland, OH).

ature, indicating that ferritin becomes more permeable an(r:]

retains more diffusant at higher temperatures. The measured

activation energies for both permeation and effusion ardinetics measurements

similar and about five times larger than that of the V|SCOS|tyConcentrated nitroxide solutions of 20, 80, and 140 mM for 4-carboxy-

of water, suggesting that passage of the diffusant across th&mpo, 4-0H-TEMPO and 3-(aminomethyl)-proxyl, respectively, were

protein shell is largely controlled by the restrictive porosity added to the holoferritin solution to form final radical concentrations of 3.0

of the protein itself. The deviation of the effusion processmM and a protein concentration of approximately 0.1 mM/24mer. The

from simple first-order kinetics when samples are incubated;amples were then incubated for specified periods of time from 20 min to

ith the diff t at either high t t | . 4 h at specific temperatures between 10 and 40°C in a constant temperature
Wi € diffusant at ertner high temperatures or long Incu'bath. After incubation, samples were loaded onto’a 15 cm Sephadex

bation times is adequately described by a two-step threes.-25 column equilibrated with 0.05 M MOPS buffer, 0.1 M NaCl, pH 7.0,
compartment effusion model. An unexpected dependencand quickly separated with an elution time-e8—4 min. To limit effusion
on incubation time of the effusion rate constdnt, for of the radical out of the protein during the separation, the chromatography
; ; ; was carried out at 4°C with the column output directed into a quartz
movement of the radical down the protein channels is at="*> . put ' 4
tributed to a variation in binding affinity of the radical for capillary tube running through a quartz dewar in the EPR cavity. The
) o 9 y . capillary tube was controlled at a specified temperature in the range
the protein within the channels. A relationship between theip—40°c. EPR measurements of the eluted protein fraction were started
first-order rate constant for transport across the protein sheimediately after the column separation. The growth of the EPR signal as
and the diffusion coefficienD is given, allowing an esti- the nif[roxide effusgd out of the protein was measureq as a function of time.
mate of the latter to be obtained from the kinetic data. Protein concentrations before and after the separation were measured by
. . " the Bio-Rad assay (Sedmack and Grossberg, 1977; Bradford, 1976).
HoSF b th H-chain ferritin (HUHF d
O_ , recombinant human H-chain ferritin (Hu ?' an A home-assembled X-band EPR spectrometer previously described
a variant (D131H-E134H) of HUHF, where the negatively (vang and Chasteen, 1996) was used to carry out the EPR measurements
charged glutamate and aspartate residues lining the three+ a variety of temperatures. The temperature control consisted of a
fold channels are replaced by histidines, were used in theonstant temperature bath with a copper heat-exchange coil, a gas flow
; ; ; -meter, and a thermocouple in the EPR quartz dewar containing the capil-
present study. Three nitroxide radicals were chosen as d|g

f t dina to their ch d polarity. A th ry. Radical concentrations obtained from EPR measurements at different
usants according to their charge and polarity. Among emtemperatures were corrected for the effect of temperatufleféttor) and

one is positively charged, one is polar, and one is negativelyeak-to-peak line width (B2, factor) on the EPR amplitude.
charged at neutral pH (Scheme I). The dimensions of these

five- and six-membered ring radicals are 7-9 A (Yang and .

Chasteen, 1996). Models for molecular effusion

The observed effusion kinetics depends on both the incubation and effusion
temperatures, and on the incubation time. At low incubation temperature

(=20°C) and short incubation timess60 min), the permeation and effu-
MATERIAL AND METHODS sion processes can be represented by a one-step, two-compartment model,
Material ke
A= A, Q)

Cadmium-free HoSF was purchased from Boehringer Mannheim (Penz-
berg, Germany), and Sigma Chemical (St. Louis, MO, USA). HuHF and
the variant (D131H E134H) ferritin was prepared as described previously where A and A* represent the radical in the bulk solution and inside the
(Levi et al., 1988; Levi et al., 1987; Treffry et al., 1989). The nitroxide protein channels, respectively, akd and k_, are the corresponding
radical 4-hydroxy-TEMPO (TEMPO, 2,2,6,6-tetramethylpiperidite- permeation and effusion rate constants for the channels.

oxyl) was purchased from Eastman Kodak Co. (Rochester, NY), 4-car- In the effusion experiment, the radical concentration outside the protein
boxy-TEMPO from Aldrich Chemical Co. (Milwaukee, WI) and 3-(ami- shell is negligible following chromatographic separation of the protein;

k-1
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thus, the rate of diffusion back into the protein can be ignored. The effusiorwhereh corresponds to the thickness of the protein shell. Eq. A9 of the

process then follows simple first-order kinetics, i.e., Appendix is derived from a passive diffusion model and predicts linear log
plots for effusion timegs > 1/k_, as observed (see Figs. 2—4 and Al).
[A] = [A]e{l_ exd_k—lt)}y (2) Nonlinearity in the log curve at the beginning of effusion (see Fig. Al)

) ) from the higher order terms in Eq. A8 are unimportant for the present work
where ] and [A],, respectively, represent the measured radical CONCeNyacause they occur on a time scale comparable to the time required for

tration outside the protein at the effusion timand the radical concentra- chromatographic separation of the protein. Thus, any early nonlinear
tion outside the protein when effusion is complete. Eq. 2 predicts linear ogyte s are not expected to be seen in the kinetics data obtained, as is the
plots for the effusion kinetics of samples prepared with short incubation

5 — - b g Figs. 24 case (see Figs. 2—4).
times (60 min) as observed (see Figs. 2-4). The activation energy for penetration into the channels can be deter-

In contrast, nonlinear effusion kinetics is seen for samples prepared Witrrlnined from the amount of diffusant accumulated in the protein for a fixed

long Q|ncubat|0n. times %90 min) or h'gher incubation temperatures incubation time at various temperatures. The total amount of diffuglant
(>20°C) (see Fig. 6). Under these conditions, a two-step, three-compar%assing the total cross-sectional afeaf the protein channels at = 0

ment effusion madel is required to fit the data: during an incubation tim¢ (<60 min) is given by (Crank, 1975)

k1 k2
A= A= A, 3) M = C[A](Dt/m)"2. (6)
k-1 k-2

o ) ) Assuming the diffusion constant of the nitroxide is given by the Stokes—
Here, A** represents radical inside the protein cavity dpaindk_, arethe  gingstein relation for translational diffusiol = kg T/(6mnr) (Jost, 1952),
first-order rate constants for exchange of the radical between the channejge apove equation becomes
and the cavity. The integrated rate law is given by
X M = C[Alofks Tt/(6°nr)}2 ()
[A] - [A]e{kl —k 2_(1 N Xz)} exp( N k’lt) wherekg is the Boltzmann constant,is the absolute temperaturgjs the
microviscosity, and is the molecular radius of the diffusant. Becauisie

proportional to exg/RT) (Eyring, 1936), Eqg. 7 then becomes

M o T¥2 exp(—E/2RT), (8)

lx2

k_
- [A]e{kl—kz} expl — kot) +[Al,  (4)

whereX; and X, ( = 1 — X;) are the mole fractions of radical in the
channels &%) and the cavity A**), respectively. Eq. 4 describes very well
the observed deviation in the effusion kinetics from simple first-order at
long incubation times or high incubation temperatures, conditions wher:

the mole fractiorX, of radical reaching the cavity becomes significant (see L . . . . L )
2 9 y 9 ( accumulated inside the protein at a given titné&he incubation time) is

Fig. 6,inse). very dependent on temperature and provides a means of measuring the
Eqgs. 2 and 4 provide a convenient means of describing the observed Y %€P p P 9

diffusion kinetics. However, to relate the apparent rate conskamtsdk_ activation energy for diffusional penetration into the protein (see Fig. 5).
obtained for diffusion down the protein channels to more fundamental

gquantities and to demonstrate that diffusion in the protein shell is a

first-order process to a good approximation, we use traditional diffusionRESULTS

theory. The kinetics of diffusion out of a slab of thicknésafter previ-
ously being incubated with the diffusant for a timeis derived in the
Appendix (Egs. A7-A9). The first-order rate constant for effusion is
related to the diffusion coefficienD, by the expression,

where E, is the activation energy for fluidity. In this treatment, all the
resistance to molecular transport experienced by the diffusant is considered
to be from the microviscosity of the channels, which is different from the
Fi)ulk viscosity of water. Eq. 8 indicates that the total amount of diffusant

The diffusion pathway into ferritin

Permeability measurements on both HUHF and HoOSF at
40°C showed that the positively charged and the polar
k_, = 7°D/n?, (5) radicals penetrate the protein shell, whereas the negatively

TABLE 1 Final concentrations and average number of different nitroxides in different proteins under similar
incubation conditions*

3 (aminomethyl)-proxyl, mM; 4-carboxy-TEMPO, mM; 4-OH-TEMPO, mM;
Number of Number of Number of
Protein Radical/protein Radical/protein Radical/protein

HoSF 10.7+ 0.5 Not detected 9.6 0.3

0.70 — 0.59
HuHF" 25+0.1 Not detected 1.#0.1

0.33 — 0.22
D131H+E134H 0.60+ 0.04 0.45+ 0.03 5.2+ 0.4

0.08 0.06 0.68

*Concentrations calculated from EPR measurement and a protein cavity volume>f10122 L for the half-full cavity of HOSF and 2.X 10~ 22 L for

HuHF and D131H-E134H (Yang and Chasteen, 1996). Iron content of proteins: 2200, 170, and 20 Fe/protein for HoSF, HUHE, and EX1RHY
respectively. A bulk radical concentration of 3 mM was used during incubation of all samples.

TIncubated with the positively charged 3-(aminomethyl)-proxyl and polar 4-OH-TEMPO radicals for 60 min at 40°C and with the negatively charged
4-carboxy-TEMPO radical for 120 min at 50°C.

*All radicals incubated for 60 min at 35°C.
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charged radical cannot (Table 1), a conclusion consistent

with previous work on HoSF at 20°C (Yang and Chasteen, 00030

40°C 20°C

00

1996). HoSF accumulates somewhat greater amounts of o—"°

positively charged 3-(aminomethyl)-proxyl radical and neu- 000287

tral 4-OH-TEMPO radical than does HuHF under the same

conditions, probably a consequence of its greater core size,_ 00020

2200 versus 170 Fe for HUHF and the greater inner surfac% 00015_' § ig'r:::

negative charge of the L-subunit-rich HoOSF (Harrison andg ' & g

Arosio, 1996). The average number of nitroxides per protein= 00610 E 22 min

molecule ranges from 0.0 to 0.70 for the various nitroxides u wJ\ﬁMﬁ

and proteins (Table 1). 00005 J Sl Y e
When the glutamate and aspartate residues in the three- WO e

fold channels of HuHF are mutated in the variant 60000

E131H+D134H, all three radicals are found to diffuse into S so 10 1% 200 280 300

the protein (Table 1). In the variant, the neutral radical Effusion Time (min)

attains a concentration inside the protein approximately ten
times that of both the positively and negative|y chargedFIGURE 1 Time dependence of the concentration of 3-(aminomethyl)-
radicals during the 60-min incubation time period. UnderProxyl effusing from HoSF at the temperatures indicated. Inset: Time

evolution of the EPR spectrum for the effusion at 20°C. Conditions for

the hlgh temperature conditions (40 C) in Table 1, all theincubation: 0.10 mM holoferritin; 3.0 mM nitroxide; 50 mM MOPS, 0.1 M

radicals aC(.:umuIate in al_l of the proteins in Si(El"]iﬁc"’jmtNaCI,pH 7.0 at 20°C for 90 min. Spectrometer settings: microwave power,
amounts with the exception of 4-carboxy-TEMPO with 20 mw; frequency, 9.542 GHz; modulation amplitude, 1 G; time constant,

either HOSF or HUHF. In some cases, the nitroxide concent s; lock-in amplifier gain, 3 mv.
tration inside the protein exceeds the external 3-mM con-

centration used in the incubation, indicating that some aSh e positively charged radical at 20°C for varying lengths of

sociation with the protein or mmergl core occurs. Ir.]time (20-90 min) and the kinetics measured at the same
subsequent work, we focused our studies on the penetrauqn

and effusion kinetics of the positively charged 3-(amino- emperature. The results in Fig. 3 reveal that the samples
methyl)-proxyl radical with HoSF: this radical shows a prepared with longer incubation times produce slower first-

reater propensity than the others to accumulate in bot@lrder effusion rates. A plot of the apparent rate condtat
I%oSF ar?d IE)IuHFy s a function of incubation time is given in the inset.

Because the protein shell of ferritin is not a homogeneous
medium, we explored the possibility that the incubation
Activation energy for effusion time dependence of the kinetics might be related to a vari-
ation in diffusion coefficient across the protein shell. Sim-

The effusion kinetics was measured at five different eﬁu'vlations for various incubation times were carried out by

sion temperatures from 20 to 40°C for samples prepared b
incubating HoSF with the positively charged radical for 90
min at 20°C. Data for three temperatures are plotted in Fig.
1. Growth in the EPR spectrum corresponding to the 20°C
data is presented in the inset. The same maximum concen-
tration of radical was reached for all five samples as mea-
sured from the EPR amplitude (Materials and Methods).
Under the conditions of these experiments, the effusion
obeys first-order kinetics as described by Eq. 2. The corre<< ]
sponding first-order plots for all five temperatures are-% 71
shown in Fig. 2 with the Arrhenius plot given in the inset. & 1
The rate constants and the activation energy for effusion -8
(63.2 kd/mol) are compiled in Table 2. Calculated activation
enthalpy and entropy parameteksi* = 60.7 kJ/mol and -9
ASF = —66.8 J/K-mol are also given. 1

35
0.00320 0.00328 0.00336 0.00344

1T

-10 T T T T T T T T T v
0 20 40 60 80 100

Effects of incubation time and radical Effusion Time (min)

concentration on effusion
. . . . . FIGURE 2 First-order plots of the effusion of 3-(aminomethyl)-proxyl
To obtain information on how the incubation time affects from HoSF at the temperatures indicated. Data from Figndet Arrhe-

the kinetics of effusion, HoSF samples were incubated withius plot.

Biophysical Journal 78(4) 2049-2059
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TABLE 2 Rate constant for effusion of 3-(aminomethyl)- changed (Fig. 4), a result also consistent with the kinetics
proxyl along the channels of horse spleen ferritin at different model (Materials and Methods). Similarly, the final mea-
temperatures* sured concentration of radical having effused out of the
Temperature ky x 10° protein is proportional to the incubation concentration as

) (min”") predicted (Fig. 4inse).

20 39.4+ 1.7

25 59.6+ 1.3

30 88.4+ 2.6 Temperature dependence of degree of

35 138.8+ 3.6 association and partitioning of the

40 205153 radical within HoSF
E, = 63.2= 1.7 kd/mol,
AH* = 60.7 kJ/mol, To study the temperature dependence of the degree of
AS" = —66.8 J/K-mol partitioning of the radical between the protein and the bulk
*Conditions: nitroxide concentration 3.0 mM; protein concentration 0.1 solution, samples were prepared with the same long incu-
mM; fixed incubation time 90 min; temperature 20°C. bation time & 3 h attemperatures of 10, 20, 30, and 40°C.

Effusion of various samples was conducted initially at 10°C
for a period of time, and then the temperature was elevated
to 40°C (Fig. 5). When effusion was conducted at 10°C, all
the samples ceased releasing further radical affef5 min.
However, upon increasing the effusion temperature to 40°C,
additional radical was seen to effuse from the protein with
e exception of the sample prepared at an incubation temper-
ature of 10°C (Fig. 5). Thus, for all samples incubated at
temperatures higher than 10°C, a higher effusion temperature
was required for all of the radical to escape from the protein.

numerically solving Fick’s second law of diffusion (Press et
al., 1986), assuming that the diffusion coefficient is a func-
tion of positionx within the channels or of the concentration
of diffusant in the channels. A tenfold variationhacross
the protein shell was assumed, but the calculated effusio
kinetics were found to be independent of incubation time.
Thus, traditional diffusion theory cannot readily explain the
variation ink_; with incubation time. The observed reduc-

tion in k_, with Increasing _|ncubat|_o_n Flme likely anses  The total amount of radicalM, accumulated inside the
from the fact that diffusion into ferritin is not an entirely . . : .

. . . rotein versus the incubation temperature was fitted to Eq.
passive process as pointed out previously (Yang and Chag- . . : L
teen, 1996), i.e., there is increased binding affinity of the (Fig. 5, insey, from which an activation energi, =

' Y 9 y 66.9 = 2.9 kd/mol for radical penetration into the protein

positively charged diffusant for the protein as it moves : . :
; . S was obtained. This value is comparable to the value of
down the channel, leading to higher activation energy for . .
: . : 63.2 = 1.7 kd/mol measured for effusion out of the protein
effusion (see Discussion). (Table 2)
When a twofold difference in radical concentration was '
used for incubation of the protein at 20°C for 20 min, the

first-order rate constant for effusion was found to be un-

0.003

-6 . o] 0.18 %
sl 74 = be
‘T: 014 $'D'D°1
= 012
g 0.10
-7 ' 008 foe] 8 - 0.000 ;
oo < - 10 20 30 40
ooe e ‘Tq‘) Effusion Time {min)
0.02 <
8 20 40 80 80 100 $
-8 —_ . =
Incubation time (min) £ 94

-10 <

-10 4

-1 T T T T T T T

0 10 20 30
11— : T : T . r . r . Effusion Time (min)
0 20 40 60 80 100
Effusion Time (min) FIGURE 4 First-order plots of the effusion of 3-(aminomethyl)-proxyl

from samples incubated with twofold different radical concentrations
FIGURE 3 First-order plots of the effusion for 3-(aminomethyl)-proxyl (3 mM and 6 mM). Conditions, 20 min incubation at 20°C and effusion

from samples prepared at 20°C with the incubation times indicatiedt at 20°C, were the same as for Fig. lbset Time dependence of the
Dependence of first-order effusion rate constant on incubation time. Otheradical concentration effusing from samples prepared at the two radical
conditions were the same as for Fig. 1. concentrations.
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netics. The dotted lines in Fig. 6 are the fitted curves
0040 °C according to Eqg. 4 for the two-step three-compartment ef-

2 fusion model; the solid line in the inset represents the
0.010 - £ o . .
=" calculated data using the parameters obtained from the

. fitting. The model fits the data well. The regression values
AP 30°C of k_,, k_,, X;, andX, are listed in Table 3 for the three

280 290 300 310 30 ¥

% Temperature (K) temperatures.
<C 0.005
40 °C Effusion B . . . . .
Nitroxide radical accumulation within the cavity
of holoferritin as a function of time
0.000 10 °C Effusion To determine the amount of radical reaching the protein
. SR |

o 50 100 150 200 250 300 350 400 450  cavity as a function of the incubation time, a series of
Effusion Time (min) samples were incubated at 20°C for times ranging from 20
to 240 min followed by the immediate measurement of the

FIGURE 5 Time dependence of the concentration for 3-(aminomethyl)-eﬁcusiOn kinetics at the same temperature Valuészwere

proxyl effusing from samples incubatedrf8 h at thetemperatures indi- . e
cated. The effusion was carried out at 10°C first for at®un and then obtained from curve fitting of the rate data to Eq. 4, from

increased to 40°Gnset Temperature dependence of the amount of radicalWhich the corresponding values of the concentration of the
accumulated in HoSF. The dotted line is fitted according to Eq. 8. Otheradical inside the proteinAf*] were calculated. A cavity
conditions were the same as for Fig. 1. volume of 1.1x 10 22 L for the half-full holoferritin was
assumed (Yang and Chasteen, 1996). Figure 7 shows the
Kinetics of effusion for samples prepared with depenc!ence (.)f'a{**] on the lncupatlon tlme. There IS an
long incubation times ~69—m|n lag time bgfore the radlgal begins to appear in the
cavity, whereupon its concentration grows with time, ap-
To characterize the effusion kinetics of samples preparegroaching the A], = 3 mM concentration of the external
with long incubation times, HoloHoSF was incubated with incubation medium.
the positively charged radical fet h at 20, 30, and0°C. The lag time is a measure of the time required to traverse
The effusion kinetics was then measured at the same tenthe protein shell. The mean square distakicef diffusion
perature as the incubation. The raw kinetic data are plotteth a timet, is given approximately by the relationship =
in Fig. 6. The first-order plot for the 40°C data is given in 2Dt, (Jost, 1952). By takintj = 60 min and assuming’ =
the inset and shows marked deviation from first-order ki-(22 x 1071°m)?, 22 A being the length of the channel, we
estimate an apparent value fbr (=~ 6.7 X 10 ?*> m?/s).
Alternatively, we calculat® = 5.3 X 10?2 m?/s from Eq.
5 using the value ok_, = 0.064 min* for the 60-min
0.0124 e e incubation time, a result in substantial agreement with the
g™ value estimated from the lag time. (We note that the length
a of the funnel-shaped 3—4-A-diameter channels is usually
R ol Beoemenraeeees Broemaemreo 4 0% quoted as 12 A (Ford et al., 1984). However, for a larger
i diameter spin probe molecule, the length of the channels
extends across the full 22-A thickness of the protein shell.)

[Al (mM)
'Dﬂ
S

0004+ & gee0rr

TABLE 3 Effusion rate constants and mole fractions of
3-(aminomethyl)-proxyl from ferritin based on a two-step
model at different temperatures*

0.000 & 8

0 20 40 B0 80 100
Time (min)
T T

: o e ) " Temperature k_, X 16° k_, X 10°
o0 250 C) (minY)  (min~Y X, X,
Effusion Time (min)

20 225+1.6 136+ 11 0.466x 0.034 0.534+ 0.039
-+ + +
FIGURE 6 Time dependence of the concentration for 3-(aminomethyl)- 28 ;i;‘; (1);4 18?1 22 8;‘%2: 8812 gggi 88;3

proxyl effusing from samples prepared with long incubation time (4 h) at
the temperatures indicated. The dotted lines are fitted according to Eq. 4Samples incubated at the temperatures indicated for 4 hr before measuring
Inset First-order plot of the effusion at 40°C. The solid line is a plot of the the effusion kinetics at the same temperature. Concentrations: radical, 3.0
calculated data using parameters from the corresponding fitting (Table 3mM; protein, 0.1 mM.
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FIGURE 7 Dependence of radical concentration within the cavity of FIGURE 8 EPR spectra of nitroxide with apoHoSR) Room temper-

holoferritin on the incubation time. Incubation and effusion were con-ature spectmn 3 h after separationBj Room temperature spectrum 7 min
ducted at 20°C. after separation.@) Sample frozen right after separation. Arrows denote

underlying broad spectral component from an immobilized spin probe.

Conditions for incubation: time, 60 min; temperature, 40°C; 0.12 mM
EPR spectroscopy and kinetics of apoferritin; 3.0 mM nitroxide; 50 mM MOPS, 0.1 M NaCl, pH 7.0.
effusion from apoferritin Spectrometer settings: For room temperature spectrum, microwave power,

20 mW; frequency, 9.542 GHz; modulation amplitude, 1 G; time constant,
Figure 8 shows the EPR spectra of apoHOSF after incubat s; receiver gain, 1 mV; For frozen sample, microwave power, 1 mW;
tion for 1 hr at 40°C with the positively charged radical freguency, 9.38 GHz; modulation amplitude, 1.5 G; time constant, 1 s;
followed by separation by size exclusion chromatography9a™ 1 mV:
The room temperaturespectrum B obtained 7 min after
separation, shows two components, a relatively sharp three-
line pattern of unequal amplitudes and linewidth character- It should be noted that the rate constants obtained for the
istic of a spin probe with hindered rotational diffusion and apoprotein differ somewhat from those for holoferritin un-
an underlying broad component indicative of a highly im-der similar conditions. In the course of this work, we have
mobilized spin probe, cf. the frozen solutiospectrum C  noticed some variability in the permeability of apoferritin
(Berliner, 1976; Kocherginsky and Swartz, 1995). We at-samples but not in the permeability of holoferritin from
tribute the rotationally hindered and immobilized spectraldifferent commercial sources. These differences may be due
components, respectively, to spin probes weakly bound t¢o different methods of preparing the apoprotein from ho-
the interior of the protein cavity (mole fractiok,) and to  loferritin by the various manufacturers. Accordingly, the
those entrained within the channels (mole fractigh present work has largely focused on studies of the holoprotein.

Upon standing, the room-temperature (20°C) spectrum in
Fig. 8 evolves by a two-phase first-order procelss, (=
0.103+ 0.017 min %, k_, = 0.012+ 0.001 min %, X, = DISCUSSION
0.498 = 0.0045,X, = 0.502 = 0.0046) intospectrum A  The experiments reported here have revealed several new
which is characteristic of the spin probe in buffer alone.properties of molecular diffusion into ferritin. The perme-
Incubation at the higher temperature of 50°C for 1 hr resultsation of small molecules into ferritin at physiological tem-
in an increase irX, from 0.502 to 0.604, indicating that a perature has been confirmed to be a charge-selective pro-
higher fraction of protein-associated probe has reached theess in both H-chain HuHF and mixed H/L-chain HoSF
cavity. (H4L,p), proteins having identical channel structures. The
Unlike the holoprotein, where the magnetism of the corecomplete exclusion of the negatively charged 4-carboxy-

eliminates signals of those spin probe molecules associatetEMPO radical from the interior of these proteins but its
with the protein, double integrals of the spectra of thepenetration into the cavity of the channel variant
apoprotein in Fig. 8 indicate that the EPR spectrum account®131H+E134H (Table 1) provides strong evidence that the
for all of the spin probe molecules present in the proteinnegatively charged threefold channels are the principal
The value of the double integral corresponds to 0.30 nitroxpathways for molecular diffusion into ferritin. This conclu-
ide/apoprotein, which compares with 0.70 nitroxide/holo-sion is consistent with our previous work (Yang and Chas-
protein when the core is present (Table 1) under the samieen, 1996) showing thatb®", which is known to bind in
incubation conditions. these channels (Harrison et al., 1986a; Treffry and Harrison,
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1984), inhibits radical diffusion into ferritin. A number of nitroxide TEMPO-choline into dimyristoylphosphatidyl-
studies (see Introduction) likewise support the hypothesigholine vesicles (Marsh et al. 1976). Thus, we conclude that
that these channels are the primary avenues of entry into tHerritin is rather impermeable to the modestly sized diffus-
protein cavity. The immobilized component of the spectrumants used in this work. This finding is in accord with the
of the apoprotein (Fig. 8) and its slow disappearance as themall diameter of 3—4 A of the threefold channels relative to
spin probe escapes from the protein into the bulk solutiorihe 7-9-A size of the diffusant.
are consistent with a gradual migration of the probe down The measured activation energy,63—67 kJ/mol, for
the channel. The observation that the channel variant is mosfffusion/penetration in ferritin (Figs. 2 and 5; Table 2) is
permeable to the neutral radical and about equally permesubstantially larger than the activation energy of 12.1 kJ/
able to both the positive and negative radicals (Table 1)mol for the fluidity of water (Ewell and Eyring, 1937). The
suggests that the imidazole groups of the histidine residudarge activation energy and small diffusion coefficient for
in the threefold channels of the variant are not protonated ahe protein implies that the radical experiences considerable
the pH 7 of our experiments. frictional drag as it traverses the protein shell. The activa-
The lesser accumulation of the positive and negativaion energy probably represents the energy associated with
radicals inside the variant compared with the neutral radicaa fluctional increase in the pore size of the channel or
(Table 1) is probably a consequence of their slightly largerrelease of the radical from binding sites within the channel,
sizes (Yang and Chasteen, 1996) and of increased steralowing the diffusant to gradually traverse the protein shell.
crowding in the channels from the imidazole groups ofThe relatively large negative entropy of activatidx§f =
histidine in D131H+-E134H. In contrast, large differences —66.8 J/K-mol, is consistent with the formation of an
are not seen between the degrees of penetration of thessociated species in the transition state, namely entrapment
positive and neutral radicals into the wild type HuHF pro- of the spin probe within the channel. Recent kinetic and
tein with normal channels (Table 1). crystallographic studies of the L134P variant of amphibian
Two populations of radical, i.e., channel and cavity spe-H-chain ferritin have led to the proposal that the threefold
cies, are seen in the kinetics of effusion for holoproteinchannel functions as a dynamic aperture (Takagi et al.,
samples incubated for 4 hr at various temperatures (Fig. 8998), an idea in accord with the data presented here.
and Table 3). Simple first-order kinetics is no longer Another important finding is that the effusion kinetics
obeyed, and a two-step, three-compartment diffusion modedarries information about the incubation conditions used in
is required to fit the data (Eq. 4 and Fig.iBse). The mole  sample preparation and depends on both the incubation
fraction, X,, of the more slowly effusing population in- temperature and incubation time. That effusion is truly a
creases with increasing incubation temperature (Table 3) ifirst-order process with a rate constakt,, independent of
accord with the trend seen in Fig. 5. A similar phenomenorradical concentration is demonstrated by the data in Figs. 3
is seen with the apoprotein (Results), corresponding to and 4 and the equations derived in the Appendix. However,
buildup of radical inside the protein cavity. also of interest, is the observation that, is inversely
The data in Fig. 7 are particularly revealing of the procesgroportional to the incubation timg, (Fig. 3,inse), which
involved in diffusional penetration into the protein. The lag we attribute to increased binding in the channels. The funnel
time before the appearance of the radical within the cavityshape of the channels and their negative charge are consis-
can be attributed to the slow diffusion of the nitroxide downtent with this idea, as is the fact thiat > k_; (Yang and
the channel. The movement of the radical within the chanChasteen, 1996). In this connection, recent calculations
nels before reaching the cavity is characterized by the ratpredict an electrostatic potential gradient from the outside of
constantk, andk_,, which are incubation-time dependent, the threefold channel leading to the interior of the protein
presumably because of increased association of the radicéiDouglas and Ripoll, 1998). Such a gradient would predict
with the protein at longer incubation times (see below). an increased binding affinity of the positively charged rad-
The apparent value dd ~ 5 X 10 22 m%s at 20°C for ical with increased incubation time and hence a decrease in
ferritin, which is an averag® across the protein shell, k_;. Anincrease in activation energy of only 3 kJ/mol when
indicates that access of the radical to the interior of thethe incubation time changes from 20 to 90 min, or only 5%
protein is very restrictedD for ferritin is many orders of of the measured value of 63 kJ/mol, can account for the
magnitude smaller than the valuedf= kgT/(67mr) ~ 3 X observed variation in effusion rate constant with incubation
10 ° m?%s predicted from the Stokes—Einstein equation fortime seen in Fig. 3. Although traditional diffusion theory
the translational diffusion of a radical of 7-9-A diameter in cannot explain the variation in activation energy with incu-
water. This large difference cannot be accounted for by théation time, it does predict rather well the kinetic behavior
small fraction 2 X 10 %) of the external surface area of of diffusion for a given incubation time and yields a rea-
the protein shell occupied by the sum of the cross-sectionalonably consistent value of the diffusion coefficient, %3
areas of the 8 threefold channels. Furthermore, the estit0 22 versus 6.7< 10”2 m?%/s (see Results).
mated value oD for ferritin is comparable to the value of  The results from the high-temperature incubation, low-
D = 2.1 X 10 %' m%s measured for the penetration of the temperature effusion experiments indicate that entrapment
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of the radical by the protein itself or its iron core is very incubation and effusion (20, 30, or 40°C). To measure
temperature dependent. The data in Fig. 5 show that thenergies of activation for penetration or effusion, the tem-
radicals in the protein have two final environments whenperature of either incubation or effusion has to be fixed
incubation is carried out at temperatures above 10°C. Therhile the other is varied (Figs. 2 and 5).

is a weakly associated population of radicals that diffuses In summary, the present work has revealed several as-
out of the protein at 10°C and a more tightly associatecdpects of the diffusion kinetics of ferritin previously un-
population requiring a higher temperature for effusion. Theknown. The effect of channel mutations on changing the
total amount of radical accumulated in the protein when thecharge-selective permeability of the protein, the relatively
incubation is carried out at 40°C is about 3 times that wherlow permeability of the protein to small molecules, the large
the incubation is done at 10°C (Fig. 5). We postulate that thectivation energies for penetration and effusion, the inverse
more strongly associated population of positively chargedlependence of the effusion rate constant for traveling along
radical is associated with the core as is known to occur witlthe channels on incubation time, the presence of populations
other cations (Price and Joshi, 1983; Fleming and Joshif channel and cavity species entrained within the protein,
1987). HoSF with a mineral core of 2200 iron atoms attainsand the role of the core in radical uptake have been dem-
a radical concentration of 10.7 mM in its interior (Table 1), onstrated for the first time. The results of the present work
compared with 1.9 mM concentration for the apoproteinhighlight the complexities involved in carrying out proper
under the same incubation conditions. Because the tightlgtudies of molecular diffusion into ferritin and emphasize
associated population of radicals is formed only in thethe importance of the protein shell, the restrictive nature of
holoprotein and when the incubation is carried out at arthe threefold channels and the binding properties of the
elevated temperature>(0°C) and requires an elevated channels and mineral core in governing the kinetic proper-
temperature (40°C) to effuse out of the protein, entrapmenties of the protein.

of the radical within the core itself probably has occurred

(Fig. 5). Some weak association of the spin probe with the

protein also occurs as evidenced by the rotationally hinAPPENDIX

dered component of the EPR spectrum of the apoprotei
(Fig. 8, spectrum B.

One important issue in ferritin research is whether reducWe treat the diffusion of the nitroxide down the channel to the central
ing agents must come in direct contact with the mineral Coré_avity_ of ferritin as a special case of or_le-dimension_al diffusion. For
to bring about reduction of the iron. The concentration ofdiTusional penetration through a slab of thicknésgihe thickness of the
. . . . . .. _ protein shell), the concentration distributi@fx, t) across the slab at any
iron within a protein shell of 80 A inner diameter containing given timet is given by
2200 iron atoms is about 14 M. Thus, if reduction were to
require direct contact of the reductant with the core, a X
reductant with a half-life of~60 min for traversing the Cx 1) =C,+(C,— Cy h
protein shell would take over a year at a bulk solution
concentration of 1 mM to completely reduce the core. The 2 Z.C,cosnm—C,  nmX
larger reduced flavin mononucleotide, FMBH10.6 X D sin—p - exp( — nkt)
13.3 X 14.8 A versus 7.0 7.1 X 8.4 A for 3-(amino- T he1 :
methyl)proxyl [Yang and Chasteen, 1996]), is a reasonably
efficient reductant for ferritin iron, which has been sug-
gested to penetrate the protein shell during reduction (Jones
et al., 1978). In actuality, it probably reduces the iron by
long-range electron transfer as suggested by the work of Jh ,

Diffusional penetration through a slab

2 narx
+h > sin%- exp( — n’ki)
n=1

nmX

Watt and coworkers (1988). f(x’)sinT dx'. (A1)

The time of ~60 min for penetration reported here is
longer than our previous estimate of 21-26 min (Yang and
Chasteen, 1996). The latter values are an underestimafée expression fo€(x, t) is obtained from solution of Fick's second law,
because the calculated half-lives were based on the valud&® D/at = DI*(C(x t/ox’, under the boundary conditio® = C, at

. . . . x=0andC = C,atx = hforall t,andC = f(x') for 0 < x’ < hatt =

of k; andk_, obtained for short incubation times. Regard- ; o nes 1020)k is the rate constant for diffusion, i.e — 72D/h2
less of the precise value of the time required to traverse thghereD is the diffusion coefficientx = 0 andx = h correspond to the
protein shell, which depends on the charge and size of theuter and inner surfaces of the protein shell, respectivelyCarahdC, are
diffusant, we conclude that molecular penetration to thethe concentrations at these surfadgs) is the concentration distribution
interior of the protein is a slow process. within the slab before commencing the diffusion experiment. Because,

. . initially, there is no diffusant within the protein shef(x’) is zero. We
Fma"y’ we note that the measured rate Consmt In assume that, = 0 because there is no diffusant within the protein cavity

Table 3 shows little temperature dependence because eaglhially, and, once it reaches the cavity, its concentration is low due to
experiment was performed at the same temperature for bothinding to the inner surface of the protein shell and to the mineral core.

0
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After exposure of the protein to the diffusant at a concentrafipfor an
incubation timet,, Eq. A1 becomes

X
Cx,t) =C, — Clﬁ

2C, & nX N
- 25 smT expl — n’kt).  (A2)

n=1

Eq. A2 gives the concentration distribution within the protein shell at the

incubation timet; just before commencing the effusion experiment.

Effusion out of the slab

For effusion out of the slab, the concentration in the bulk solution is zero,

i.e.,C, = 0in Eq. Al, and the initial concentration within the slalf(s)
and is given byC(x', t,) from Eqg. A2, where we have replac€q with C;

to distinguish it from the newZ, for the bulk solution. Substituting Eq. A2

Yang et al.

tt

FIGURE Al Plotof In[C,, — C)/C.] versust/t (r = 1/k = h%=°D) for
the parameter<S,” = 3 mol/n?, t, = 3600 sh = 22 X 107°m, andD =

for f(x’) in Eq. Al with only the last term being retained, the others being ¢ 3 v« 15-22 25 in Egs. A7 and A8.

zero, gIVES

2 ,w . nmXx 5
Cx,t) = Ci > sin— = exp( — ki)

n=1

Pl nax’ X nax
sin—— — —sin——
h h h

2.1 . _nux
_ _ o ., _ 2 '
- nél . Sir h expl — n’kt) [dx’. (A3)

Integration of Eq. A3 yields

2C; 51 nmx
Cix,t)=— > —sin——
T N h

- exp( — ki1 — exp( — n’kt)].  (A4)

The flux F out of the protein shell into the bulk solution in moleks) is

given by Fick’s first law,F = D(aC(x, t)/dx),, x—o. Differentiation of Eq.

A4 gives an expression for the flux,

2C1D
F= > [1—expl — n’kt]- exp( — nPkt).  (A5)

n=1

The total amount of diffusanM, escaping per Kcross-sectional area

during the timet is given by

t
M= | Fdt

0

2Cl
= E n2 [1— exp — n’kt)]-[1— exp( — nkb)].

(A6)
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For kinetic analysis, we use the two expressions,

2Ch 2, 1
M. =5 Sl et -l (A7)
2Cih =
M, — M, = 1 2 e [1— exp( — n?kt)]- exp( — neke).

(A8)

Eqg. A8 is a sum of exponentials that depend on the effusion timigh
coefficients that depend on the incubation titne~or effusion timeg >
1/k, then = 1 term dominates, leading to first-order kinetics, namely,

IN[(M.. — M)/M..] = kt. (A9)

Figure Al illustrates a plot of In{t.. — C)/C.] (= In[(M.. — M)/M.])
versust/T whereC, is the concentration of diffusant in the bulk medium at
the timet, and r = 1Kk is the diffusional relaxation time. The early
nonlinear part of the graph is due to the higher-order terms in the sum of
exponentials. The linear portion of the graph enables the diffusional rate
constantk = #°D/h? to be determined (Eq. A9). Note that the slope, and
therefore the rate constant, is independent of the incubation time. There-
fore, the first-order plot carries no information about the incubation time of
the sample except in the early nonlinear portion of the graph.
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