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ABSTRACT There is a striking disparity between the heart-shaped structure of human serum albumin (HSA) observed in
single crystals and the elongated ellipsoid model used for decades to interpret the protein solution hydrodynamics at neutral
pH. These two contrasting views could be reconciled if the protein were flexible enough to change its conformation in solution
from that found in the crystal. To investigate this possibility we recorded the rotational motions in real time of an erythrosin-
bovine serum albumin complex (Er-BSA) over an extended time range, using phosphorescence depolarization techniques.
These measurements are consistent with the absence of independent motions of large protein segments in solution, in the
time range from nanoseconds to fractions of milliseconds, and give a single rotational correlation time $(BSA, 1 cP, 20°C) =
40 = 2 ns. In addition, we report a detailed analysis of the protein hydrodynamics based on two bead-modeling methods. In
the first, BSA was modeled as a triangular prismatic shell with optimized dimensions of 84 X 84 X 84 X 31.5 A, whereas in
the second, the atomic-level structure of HSA obtained from crystallographic data was used to build a much more refined
rough-shell model. In both cases, the predicted and experimental rotational diffusion rate and other hydrodynamic param-
eters were in good agreement. Therefore, the overall conformation in neutral solution of BSA, as of HSA, should be rigid, in
the sense indicated above, and very similar to the heart-shaped structure observed in HSA crystals.

INTRODUCTION

Serum albumin is a highly soluble multidomain protein, low-resolution crystallographic data of HSA were initially
without prosthetic groups or bulky appending carbohy-analyzed as such a linear structure (Carter et al., 1989), soon
drates, that is very stable and available at high purity ando be abandoned in favor of the current heart-shaped con-
low cost (Peters, 1996). The fact that only relatively re-formation (Carter and He, 1990; He and Carter, 1992;
cently could a high-resolution x-ray image of the protein beCarter and Ho, 1994) (Fig.H). Interestingly, Carter and Ho
obtained (He and Carter, 1992; Ho et al., 1993; Carter an@¢1994) noted that conflicting reports questioning the cigar-
Ho, 1994) made the human and bovine serum albuminghaped paradigm were dismissed without much consider-
(HSA and BSA) the subject of a wealth of physicochemicalation. That was the case, e.g., of the dark-field electron
studies directed to the determination of the tertiary structurgnicrographs of the homologous human and bovirfeto-

and solution conformation. Pioneering the field, Tanford,protein (Luft and Lorscheider, 1983) or the results of reso-
Scheraga, and their co-workers concluded that the protein iRance energy transfer experiments (Hagag et al., 1983),
solution behaves as a compact spheroid particle (Tanforgjhich could only be explained by a structure similar to that
and Buzzel, 1956; Loeb and Scheraga, 1956), as was als,qg. 1b.

iterated in additional hydrodynamic studies (e.g., Cham- The two disparate views of serum albumin conformation
pagne, 1957). However, this representation was later rémight be reconciled if the tertiary structure of the protein in
placed by the standard, textbook hydrodynamic model ofne crystal is different from that in solution. It was initially
BSA: a cigar-shaped ellipsoid with dimensions of 480 gpacylated that the presence of residual associated fatty
A and axial ratio of~3.5, with three domains in line (Fig. 4cigs in the solution preparations, which are absent in the
1 ). That model was claimed (Squire et al., 1968; Petersye jinigated crystals, would favor that change. However,
1996) to be consistent with a series of measurements Qfcent x ray structures of HSA, both without (Sugio et al.,
sedimentation, dielectric dispersion, electric blrefrlngenceiggg) and with (Curry et al., 1998) associated myristic acid,

low-angle x-ray scattering, and transmission electron Mixy,q; yhat aithough important domain rotations are observed

crosc((j)pé/. tl,t also re_cew:zd S"Ime support fromFthe lrrlag:e% the last case, the overall protein profile is essentially
recorded by scanning tunneling microcopy (Feng et al. reserved. Alternatively, one may think of a soft flexible

;gg%angr'Slztg;frfﬂlliﬁlri]gitu;fdlgpg(geré’vﬁgr?];oiurt%r;s;ﬁg?otein structure that adopts a folded conformation within

Pper, ' " )- ' he crystalline environment. Prompted by this discrepancy
we wished to revise the hydrodynamic information that is
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b) experiments, combined with the computation of the solution
hydrodynamic properties of the protein carried out by re-
cently developed bead-modeling methods, show that the
heart-shaped x-ray structure of albumin (Fidp)1s also the
most likely conformation in solution of BSA at neutral pH,
with no indication of independent motions of large domains
in the nanosecond to millisecond time range.

a)

MATERIALS AND METHODS

Materials

Erythrosin (2,4',5',7'-tetraiodofluorescein) sodium salt09%; Scharlau,
Barcelona, Spain) was recrystallized several times from methanol/hexane
mixtures and its purity checked by thin-layer chromatography. Glycerol
and sodium mono- and dihydrogen phosphat®€9%; Merck, Darmstadt,
S0A Germany) were used as received. Samples of lyophilized BS29¢s;
Fluka, Ronkonkoma, NY) were dissolved in 10 mM phosphate buffer (pH

FIGURE 1 @) The elongated ellipsoid (148 40 A) used frequently to |7t4) Tn(jltfoundtfrfee T |mpur|(tj|esband ?ggregat(is by electéo$hore5|s, ?na-
model the conformation in solution of human and bovine serum albumin;Y!/¢8! ultracentriiugation, and absorplion Speclroscopy. Beloreé Spectro-

(b) An image of HSA at the same scale, adapted from the Brookhaveﬁscc’pic measurements, the solutions were degassed by bubbling purified

) . ) . Argon (<5 ppm Q,), which had been passed through an Oxy-Trap column
Protein Data Bank x-ray coordinates filelbmO (Sugio et al., 1999). (AI?tectg Dsgrfie%) IL) to further redSce the oxyggn conterzlt P

been observed that the time-resolved depolarization Oflycerol/water mixtures
the intrinsic fluorescence (tryptophan) of serum albumin
(Munro et al.. 1979° Gentiu et al.. 1990: Marzola andThe composition (w/w) and viscosity (Poise) of the glycerol/buffer mix-

. . . . tures was determined from the measured refractive index (20°C) and
Gratton, 1991; Lakowicz and GryzynSkl’ 1992; Helms et al"tabulated values (Miner and Dalton, 1953; Litovitz, 1952; West, 1982).

1997) cqntains avery fast decay Fime (140 —500 ps), due t@ne viscosity for temperature values not included in these tabulations was
the localized motion of the emitting residue, and a muchfound by interpolation from a plot of Andrade’s equation (Litovitz, 1952)
slower one (34-40 ns) corresponding to the global Browna1 = 1o expAE/KT, whereAE is the activation energy of the viscous flow.
ian rotation of the protein. Although the last value is diffi- For the glycerol/water compositions (82—91)2%) and temperatures (273-300
. . K) used here we foundE = 13 kcal mol .
cult to determine with accuracy due to the short fluores-
cence lifetime of tryptophan, these experiments give a hint
as to the absence of internal motions of large protein doErythrosin binding to BSA
mains, at least in the tens of nanosecond§ rgnge. Fl'lrthe,&-lO’6 M solution of erythrosin in phosphate buffer (pH 7.4) was mixed
more, Castellano et al. (1998) succeeded in linking a Iongvith BSA to form the noncovalent complex, as in Garland and Moore
lifetime (~800 ns) Rull) label to HSA and measured a (1979). The absorption maximum of the protein-bound dye shifted 13 nm
very accurate single rotational correlation time of 41 ns. Theo the red, fromiyee = 527 NM t0Ayqung = 540 Nm, but there were only
. . . . i i i it -1
accessible time window can be extended further still by theninor C:ﬁngs_sé’_‘ band shape and abs_‘"p“zn Coef?C'eaFE(X #0‘;'\" i
phosphorescence depolarization methods introduced K" ) The binding process was monitored as a function of the relative
. oncentration of dye and protein, from the fractional shift of the absorption
Garlgnd apd Moore (19?9). In this way, values of 'themaximum on erythrosil = (A — A )/(A; — A ), where is the peak
rotational time of HSA in viscous solvents were determinedabsorption of the protein/dye mixture. The inset of Fig. 2 shows a typical
(Hustedt et al., 1993; Marriott et al., 1994) that, if extrap-experiment, where it can be observed that for 1:1 erythrosin-protein ratio
olated back to 1 cP and 20°C, are coincident with thosé!! the dye is in thz boll*”? ‘;3”“- The S]?';“OA”S Ukseo' i”hthﬁj g'ygem'/b“ffef
recorded above. It is important to remark that these studieg'x.tures contained a 10-fold excess of BSA to keep the free dye concen-
. . . . ration negligible.
which were not concerned with the solution conformation of
the protein, provide an unbiased record of its diffusive

motions obtained with three different luminescent labels. Spectroscopic methods

For the present work we selected the phOSphorescen%sorption measurements were recorded by a Varian-Cary 290 spectro-

depolarization of erythrosin bound to BSA to reanalyze th€yhotometer. Stationary fluorescence and phosphorescence spectra were
hydrodynamics of the protein, because of its potential tobtained with a modified SLM 8000D fluorimeter and corrected for the
explore the reorientational Brownian motions over an un-vavelength sensitivity of the detection system. Time-resolved measure-
precedentedly broad time-range, from hundreds of nanoseglents_ of phosphorescence were carried out with a laser spectrometer fully
. . . described elsewhere (Duchowicz et al., 1998). In short, pulses (532 nm,
onds to mllllsgconds. In addltlon, we profited from a recent_ ¢ mJ, 15 ns, 20 Hz) from a Molectron MY-34 Nd:YAG Q-switched
characterization (Duchowicz et al., 1998) of several SpeCraser were used to excite the emission from degassed, thermostatted sam-

troscopic parameters of the dye relevant to this study. Thesges. The linear polarization of the laser pulse was selected with a Glan-

Biophysical Journal 80(5) 2422-2430



2424 Ferrer et al.

r(t) was analyzed with the expression describing the rotational emission
depolarization of a rigid symmetric top (prolate-oblate ellipsoids of revo-
lution) (Chuang and Eisenthal, 1972; Ehrenberg and Rigler, 1972; Belford
et al., 1972):

1.0

o
®
I

T

Rt) = r(t)/ro = aexp— t/p,
+ aexp— t/p, + azexp— t/ps

0
0 BSA/Er

4 (2

wherer, is the intrinsic anisotropy and the pre-exponentialdepend only
on the relative orientation of the electronic transition moments of the
emitting label. This expression can be used also, more generally, for any
object with an axis of ternary or higher symmetry, as the BSA models used
here. In the case of a protein randomly labeled with an emittingodye
a, = 2a3 = 2/5. The rotational correlation times (s~ *) are related to the

P rotational diffusion coefficients of the ellipsold} andD , by ¢, = (4D +
] 2D )%, ¢, = (D) + 5D,) "% and¢; = (6D,)"*. Moreover, it is known
200 300 400 500 600 700 that in this case thgt) decay recorded experimentally would be very close
to a single exponential function for prolate ellipsoids with axial raties 5
and for any oblate ellipsoid (Small and Isenberg, 1977; Wahl, 1983).

) Recognizing this limitation, we fit the observed decay to an approximate
FIGURE 2 The absorption (A), fluorescence (F), and phosphorescencg;nction with an average correlation tinge,;
¥

(P) spectra of the 1:1 noncovalent erythrosin-BSA complex in glycerol/
phosphate buffer (I M, 82.5% wiw, pH 7.4, 20°C),,. = 480 nm). r(t).. = r-exp —t/ 3
(Inse) Plot of the relative wavelength shift of the absorption maximum of Oay = roexp(—Ueba), )
the dyel versus BSAlerythrosin ratio, for a 16 M dye solution in
phosphate buffer, pH 7.4 (see Materials and Methods).

©
~
T

Relative intensity

Wavelength (nm)

which shares with the exact function (Eg. 2) the following properties: 1) the
value att = 0 and att = « are the same, and 2) the area enclosed by the
two functions is also the same. According to that we obtain

Taylor polarizer and a Fresnel rhomb rotator. Phosphorescence emitted at

90° to the excitation beam was focused on a Thorn-EMI 9816 photomul- N _ N
tiplier through an additional polarizer and a set of filters, the latter to I’(t)dt - r(t)a"dt (4)
attenuate scattered laser light and dye fluorescence. A specially built 0 0

photomultiplier gating circuit (Yoshida et al., 1989; Herman et al. 1992)

prevented the distortion of kinetic signals at early times. Decay traces werand

digitized (2000 channels), displayed, and averaged(f times) with a

Phillips 3320 oscilloscope. The overall instrumental resolution w&60 3

ns, with a gating dead time of 300 ns. Time-resolved phosphorescence bay = E b, (5)
depolarization experiments are very sensitive to saturation effects that yield av A
anomalous low values of the initial anisotropy (see Peng and Barisas, 1997,

for a detailed account). Here we used a solid polymethyl methacrylate

(PMM) solution of erythrosin to select the appropriate linear range of lasefNUmerical simulations incorporating realistic noise levels (not shown)
excitation energiesr{[Er-PMM] = 0.25). indicate that, in fact, this approximate function cannot be distinguished

from the exact one for prolate and oblate ellipsoids randomly labeled with
axial ratiosp < 4 andp > 0.2, respectively. Note that thg,, as defined
Analysis of phosphorescence lifetime in Eq.5 is different frpm the harmonic mean value that_obtains fro_m the
and depolarization slope of ther(t) function att = 0 (Wahl, 1983). The anisotropy fitting
routines were also based on the nonlinear least-squares methods, as above.
The decay of the total phosphorescence intensity, recorded with the emis- The dependence of the diffusion coefficients on molecular size, geom-
sion polarizer set at the magic angte= 54.7° relative to the vertically ~ etry short-range solvent interactions, and temperature can be expressed for
polarized laser beam, was fitted (without deconvolution) to a sum of@ Symmetric top in a compact way by the Stokes-Einstein-Debye equation,
exponentials by standard nonlinear least-squares methods developed ighich for stick boundary conditions takes the form (Mateo et al., 1993):
cally (Mateo et al., 1991);,(t) = Taexp(—t/r). It was found experimen-
tally that the noise can be approximated to within a scale factor by a D = kT/GT]VQ (i - ||, J—) (6)
Poisson distribution, i.eq; = [I(t)]*2
The anisotropy (t) of the phosphorescence was computed by recordingwhere V is the hydrodynamic volume ang the solvent viscosity. The

1

the emission intensities parallg(t) and perpendiculal, (t) to the verti- Perrin factorsg; (Perrin, 1934) depend only on the axial ratio of the
cally polarized exciting pulses: ellipsoid p = a/b (wherea is the symmetry axis) and are given by
() = 1~ GLO 1) g, = 2(p°~ D/[3p(p - 9]

T 1) + 261, (1) (7

g, =2(p"— D/[3p(2p* — 1)S— p]

whereG is a factor determined experimentally that compensates for the

polarization bias of the detection setup. The absence of systematic errors SoroL = (p2 — 1)*1’2|n[p + (p2 — 1)1/2]
was checked by comparing the fitted functions gt) with that of the sum
1,(t) + 2GI (1), proportional to the total emission intensity. The decay of Sos. = (1 — p?) Yarctgp (1 — p?) 3 (8)
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RESULTS TABLE 1 Phosphorescence lifetime of the erythrosin-BSA
complex, 10~7 M, in glycerol/buffer mixtures at constant
Phosphorescence lifetime of Er-BSA temperature T = 273 K

The decay of the phosphorescence of the Er-BSA complef Glycerol n/P & + 0.02  m/us 8 *0.02  wlus  x°
in the glycerol/buffer mixtures used here (82—92% wi/w), in  92.0 186  0.06 162 0.94 421+ 20 0.02
the temperature range 273-291 K, is mono-exponential over 90.5 134  0.06 262 0.94 400+ 40  0.02
a range of 2 ms (Fig. 3) with a lifetime of 428 20 us 86.5 70 006 222 094  445-40 0.02
(273 K). A small fraction of a faster component20 us) 83.0 40 007 2 0-93 alre4z 0.02
can be detected only when the first 126 of the decay are Time range, 10Qus; 0.125us/channel.

recorded at the highest time-resolution available, 125 ns/

channel (Table 1). Because the phosphorescence lifetime ?zgster than expected from the lowering of the viscosity, and

the free dye is sFrictIy mono-gzxponential and very sensitiveTrequently new exponential terms become evident, due to
to solvent polarity (Duchowicz et al., 1998), this secondy,o"onhanced amplitude of the segmental motions. How-

component may .be due to a'small frac'tion O_f the BSAf'dyeever, in all the cases;(t) could be fitted to a single-
Complexes mx\vhlchdt.he dyehls Ior::atédér;idlfferelznt mlcro'exponential function, with a random and even distribution
environment. According to that, the Er- Samples appeay weighted residuals with, therefore, no indication of mo-

strgcturallyfver)r/l h?rﬂoggneous.l This ifs ﬁn (ijmportarfn rrle'tions from individual domains (Table 2). A representative
quirement for the following analysis of the decay of t € trace (Fig. 4) shows that the decay could be followed with

anisotropy. a good SN ratio for a range of more than three time
constants. On the other hand, the valuet at 0 of the

Rotational depolarization of the anisotropy,r(0) =~ 0.1, differs substantially from the,

Er-BSA phosphorescence value of free erythrosin immobilized in PMM (0.25), which

. was determined here with the same spectrometer (Duchow-
The decay of the phosphorescence anisotropy of Er-BSA., ot al., 1998) and by others in different conditions (Gar-

was measured as a function of viscosity (419 Poise) by,nq and Moore, 1979 Lettinga et al., 1999). Therefore, the
changing the glycerol concentration in isothermal condi-yecrease in the initial anisotropy should be due to unre-

tions. In addition, a set of measurements was carried out a%,;yed sub-microsecond motions of the dye within its
a function of temperature for the 92% w/w solution. If protein-binding pocket.

independent reorientational modes are present, increasing
the temperature results in a decay of the optical anisotropy
DISCUSSION

The rotational correlation time of BSA

400
The kinetics of the optical anisotropy decay of Er-BSA
depends on the protein size and shape as well as on the
orientation of the dye electronic transition moments relative
to the protein inertial axis. In this case it is observed that the
dye reorients much faster than the protein to attain in
nanoseconds an equilibrium angular distribution character-
ized by the value(0) ~ 0.1. This initial anisotropy is finally
averaged out to zero by the global tumbling) (of the
protein. The amplitude of the independent motions of the

Intensity (a.u.)
N
o
o

0 TABLE 2 Phosphorescence anisotropy decay parameters
0 500 1000 1500 2000 of the erythrosin-BSA complex, 107¢ M, in
time (us) glycerol/buffer mixtures
1.00 % Glycerol  T/K n/P r(0) = 0.01 dlus X
X 0.00 A 92.0 291 4.0 0.07 16 1.5 0.003
2 92.0 284 5.8 0.09 2% 1.5 0.002
-1.00 92.0 283 8.0 0.09 3525 0.003
92.0 279 12.0 0.10 4% 3.0 0.002
FIGURE 3 The decay of the phosphorescence intensity of the 92.0 273 18.6 0.07 6Z.5.0 0.003
. ) . ) . 90.5 273 134 0.08 58 4.0 0.020
erythrosin-BSA complex and the fitted monoexponential function, with a
hosphorescence lifetimg = 421 = 20 us (1077 M, 92% wi/w glycerol/ 86.5 273 7.0 0.08 3420 0.020
P - ' 83.0 273 4.0 0.10 1915 0.020

buffer, 0°C, 2.5us/channel).

Biophysical Journal 80(5) 2422-2430
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Tim
0.40 — ime (1) - 0 P TR BT
o — ] 0.00 0.02 0.04 0.06
: 0.00 1
2 R | n/T(PK™)
-0.40 — - FIGURE 5 Rotational correlation time of the erythrosin-BSA complex

) in different mixtures of glycerol/buffer as a function gfT, measured by
FIGURE 4 The decay of the phosphorescence anisotropy of thennsphorescence depolarization at 273 K constant temper@jirer (at
erythrosin-BSA complex and the fitted monoexponential function, with agoo \ww glycerol constant compositioa). The value of¢ extrapolated
rotational correlation timeb = 16 = 1.5 us (10 ¢ M, 92% w/w glycerol/ to 1 cP, 273 K is 40+ 2 ns.
buffer, 18°C, 0.25us/channel).

dye can be estimated assuming (Kinosita et al., 1977) thdermation @) of the protein (whatever they are) remain
the emitting dipole moves freely within a cone of semi- constant for all the temperature-viscosity conditions. The
angle 6,. In that case the observed rati¢0)fr, = 0.4 BSA correlation time in buffer solution extrapolat_ed from
corresponds tof, ~ 50°. Because the phosphorescencethese data would bé (1 cP, 20°C)= 40 = 2 ns. Finally,
emission dipole is placed 40° relative to the long erythrosirPy replacingn in Eq. 10 by the expression given in An-
axis (Lettinga et al., 1999), the three-ring xantene systen§rade’s equation we get

oscillates with large-amplitude motions, producing a nano-

seconds dynamic averaging of its orientation relative to the bay =
protein. For the present purposes, it is enough to consider

the protein molecules as a population over which the mean

dye orientations are distributed randomly. This assumption

is not essential for the following discussion but simplifies 10.0
considerably the algebraic manipulation. Thus, the rota-

tional motions of BSA approximated by those of an ellip- *
soid have an average correlation time (see Materials and
Methods) given by

Gay = 0.4, + 0.4, + 0.2¢h5. ©)]

By replacing in Eqg. 9 the values of the diffusion coefficients
D; we get

67’0V
KT

TT exp(AE/KT). (11)

Ln(ay /T)

6mV
d)av:WH 78

(10)
B 04 04 02 -
~|2g;'+4gt 5gt+gt 6g.t . | . l .

The plot of ¢, values of Er-BSA as a function of/T is 3.4E-3 3'5E'31/T (K_1)3'6E'3 3.7E-3

presented in Fig. 5. The linearity of this plot confirms the
validity of the Stokes-Einstein-Debye approximation in fIGURE 6 Plot of Ing.,.T) versus I (Eq. 11 in the text) for the
these experiments and indicates that the sideafd con-  erythrosin-BSA complex in glycerol/buffer (16 M, 92% wiw).

Biophysical Journal 80(5) 2422-2430
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The plot of In @4, T) versus 1T is linear (Fig. 6) with a 60

slopeAE = 13 kcal mol'*. The coincidence of this value

with the activation energy of the viscous drag of glycerol

(see above) is also an indication that the observed correla- 55 -

tion time corresponds to Brownian motions of the whole

protein, damped by the macroscopic viscosity of the sol-

vent. In summary, from these results together with the gso

>

-

previous measurements of optical anisotropy carried out
with a diversity of luminescent probes reviewed above
(Introduction), it can be concluded that the overall solution

. . .. 45 +
conformation of human and bovine serum albumin is very
similar, with no indication of domain flexibility over a large
time range, from nanoseconds to fractions of milliseconds. 40
The shape of BSA in solution ) . . , , . .
The classical approach based on rigid symmetric tops 0 1 2 3 4 5 6

) ] . p (axial ratio)
The simultaneous analysis of several hydrodynamic prop-

ert'les '_n te'_'ms of solids of revqlutlop, such as sphere.s anglGURE 7 The expected average correlation tifg (1 cP, 20°C) of
ellipsoids, is a way to get an idealized shape and size ofliipsoidal models of BSA as a function of the axial ragi¢oblatep < 1
proteins in solution (for reviews see Cantor and Schimmeland prolatep > 1). The values ofy,, were computed from Eq. 12, keeping

1980; Harding, 1995). In the case of BSA, the outcome ofonstant the protein intrinsic viscosityg]l = 4.1 + 0.1 cn? g%, as
; scribed in the text. The rotational correlation time expected for the
many of these analyses resulted in the elongated shape g?)ngated model(= 3.5) of Fig. 1ais ~46 ns, which differs significantly

Fig. l a However, it !S shown _beIOW from very simple from the experimental value (48 2 ns), indicated here by the horizontal
considerations that this model is very unlikely. For thatjines.

purpose we use the rotational correlation tignestablished
above and the intrinsic viscosityn] of BSA, because the
majority of the BSA |p] values found in the literature fall
within the interval 3.92—4.21 cing™*, as determined by
McMillan (1974) in a critical assessment of five experimen-
tal methods. We taken] BSA (pH 7, 20°C)= 4.1+ 0.1
cm® g~ . For ellipsoids of revolution, the intrinsic viscosity
can be expressed (Harding, 1995) gb+ vN,V/M, where

M is the molecular mass of the proteiN, the Avogadro
constant, ana the so-called Simha factor that depends only
on the ellipsoid axial ratio (Montejo et al., 1992). The
expression for the average correlation time can now b@ead modeling of BSA hydrodynamics with a

choice to account for the experimental valuespadnd [n].
Moreover, the BSA conformation appears difficult to ide-
alize by any biaxial ellipsoid, so the spheroid shape initially
proposed by Tanford, Scheraga, and their co-workers was
the more appropriate simplification. Nowadays, one can use
models with atomic detail to obtain accurate hydrodynamic
information, as shown below.

written in a convenient form as triangular shell
6m[nM The rotational diffusion coefficients, as well as any other
b= "RT v, (12)  hydrodynamic property of a solid particle with an arbitrary

shape, can be computed by the methods of bead modeling
where the product 11 depends only on the axial ratio of initially proposed by Bloomfield et al. (1967) and further
the idealized particle. Therefore, given a set of experimentadleveloped by Garaide la Torre and co-workers (Gaaae
values of the intrinsic viscosity of the protein, its molecularla Torre and Boomfield, 1981; Gdecide la Torre et al.,
mass, and the solvent viscosity one can use Eq. 12 t©994; Carrasco and Gaecde la Torre, 1999). These meth-
compute the expected rotational correlation tigg for a  ods are applied here to compute a set of solution properties
series of values of the axial ratio. Note that Eq. 12 applieof BSA and provide an example of the newest bead-
to the case of the random distribution of the emitting dye.modeling strategies (Carrasco and Garde la Torre,
Fig. 7 shows a plot of the expected correlation times for1999).
BSA (1 cP, 20°C), using the above range of values of the The particle representing the protein conformation in
intrinsic viscosity, the known molecular mass (66,500 gsolution is taken as a solid equilateral triangular prism (Fig.
mol~*; Peters, 1996), and tabulated values of Perrin an® a), with dimensions 80< 80 x 80 x 30 A, as suggested
Simha factors (Harding, 1995). It can be concluded that théor crystalline HSA (He and Carter, 1992). In a first step, the
standard elongated shape of Fig (p = 3.5) is not the best prism volume is filled with small beads of radius typi-
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a) b) ular case, due to the threefold axial symmetry of the
particle. These values were used to comphiewith Eq. 9.
The experimental rotational correlation time obtained in this
work, as well as the rest of the BSA hydrodynamic param-
eters, are reproduced to a good approximatiorf for1.05,
corresponding to rigid particle dimensions of 8484 X

84 x 31.5 A. According to this, the conformation of BSA in
neutral solution is fairly consistent with that of HSA in the
crystal.

Bead modeling of BSA hydrodynamics with atomic-level
HYDROPRO computations

FIGURE 8 @) Rough shell triangular model of BSA with dimensions of . . .
80 X 80 X 80 X 30 A:; (b) Rough shell model derived from the atomic- The hydmdynamlc properties of proteins can be accurately

level structure of HSA (PDB file 1bm0; Sugio et al., 1999) predicted from atomic-level structures derived from the
atomic coordinates of a Protein Data Bank (PDB)-formatted
file, as has been shown recently (Garde la Torre et al.,
cally 1-3 A. To do so, the prism is immersed in a closest-2000). Using as input the PDB file and some elementary
packed hexagonal lattice and beads @f?ameter, equal to  properties of the macromolecule and the solvent, the com-
the lattice spacing, are placed at the lattice nodes fallingputer program HYDROPRO provides a full set of solution
within the particle. In the next step, all the internal beads argroperties. The availability of atomic coordinates of HSA
removed (those fully surrounded by 12 beads, the latticéPDB file 1bm0; Sugio et al., 1999) makes possible an
coordination number). In this way, one obtains the so-callecnalysis of the properties of serum albumin using this
rough shell model (Fig. &), which is next used as the input method, of which a new example of applicability is thus
for the HYDRO computer program (Gaecde la Torre etal.  provided.
1994). These computations are carried out for several values In atomic-level hydrodynamic modeling, each non-
of ¢ and the parameters extrapolated to the shell-moddhydrogen atom is represented by a spherical element. The
limit c—0. To take into account the particle expansion dueatomic-element radius, identical for all the atoms, has a
to hydration we carried out calculations for several particleminimum value corresponding to the mean van der Waals
sizes given by 8Dx 80f X 80f x 30f, wheref is a factor  radius of the protein atoms;1.8 A. Slightly larger values
close to unity. Note that in this way the shape of theof a may be found due to protein hydration. In practiaés
hydrated particle is preserved and only the absolute dimerregarded as an adjustable parameter, although it is allowed
sions are varied. to vary only within a narrow, physically significant range.
The results for the shell model are listed in Table 3 as thén practical calculations, a series of valuesaois consid-
translational diffusion coefficienD,, rotational correlation ered, for instance 2, 3, and 4 A. The array of atomic
time ¢, intrinsic viscosity fp], and sedimentation coeffi- spherical elements, with some fixed value af is the
cients. Note that the five rotational correlation times ex- primary hydrodynamic model (Gdecide la Torre et al.,
pected for an arbitrary shape reduce to three for this partic2000). In the primary hydrodynamic model there is consid-

TABLE 3 Hydrodynamic parameters calculated for the rough shell model of the equilateral triangular representation
(Fig. 8 a) of BSA

Model parameter Calculated property

Side/A Thickness/A f D, X 107/cn? s7* [nlfem® g~* s/S $a/ns ¢,Ins ¢4lns ¢ba/ns
80.0 30.0 1.00 6.63 3.04 4.85 35.6 36.3 44.0 38
82.0 30.8 1.025 6.47 3.27 4.70 38.3 39.1 47.3 40
84.0 315 1.05 6.31 3.52 4.59 41.2 42.0 50.9 43
86.0 32.3 1.075 6.17 3.78 4.48 44.2 45.1 54.6 47
88.0 33.0 1.10 6.03 4.05 4.38 47.3 48.3 58.5 50
90.0 33.8 1.125 5.89 4.33 4.28 50.6 51.7 62.6 53
92.0 34.5 1.15 5.77 4.62 4.19 54.1 55.2 66.9 57

6.27 41+0.1" 4.60¢ 40+ 2*

Numbers in bold are experimental values (water, 20°C).

*Philo, 1994.

McMillan, 1974.

*This work.
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TABLE 4 Hydrodynamic parameters of BSA calculated by HYDROPRO from the PDB file 1bm0 (HSA monomer), for different
values of the radius a of the atomic elements in the primary hydrodynamic model (Fig. 8 b)

Calculated propert
Atomic radius property

a(A) D, X 107/cm? st [nlfem® g™t §S 0,/ns 0,/ns 05/ns 0,/ns 0s/ns da/ns
2.0 6.28 3.63 4.64 37.8 38.3 40.9 44.6 451 40
3.0 6.03 4.09 4.45 42.6 43.1 46.4 50.0 50.7 45
4.0 5.78 4.63 4.27 48.4 48.9 52.4 56.5 57.2 51

erable overlap of the spheres, and therefore, it is not suitableuffers. At neutral pH, therefore, the protein maintains a
for direct bead-model calculations. Instead, the set of overwell-defined overall conformation without signs of large-
lapping spheres is taken as the solid particle to which thelomain flexibility over a time range from nanoseconds to
general procedure of shell modeling can be applied, as fdiractions of milliseconds.
the triangular prism in the preceding section. As there, the The simultaneous analysis, in terms of solid symmetric
primary hydrodynamic model is filled with closest-packed tops, of the intrinsic viscosity of BSA and its rotational
minibeads of radiusr, and those fully surrounded by the correlation time obtained here, show that the choice of the
maximum (coordination) number of beads are removed, tstandard elongated shape to idealize the protein in solution
give the final shell model, shown in Fig. B This is the is inappropriate.
model used as input for HYDRO for the computation of the On the other hand, the detailed computation of the hydro-
solution properties, again as extrapolated to the shell-modelynamic properties of the protein with recently developed
limit of o = 0. The results from this computation based onbead-model methods supports a stiff compact conformation in
the crystallographic structure of HSA taken from the PDBneutral solution for BSA, as well as of HSA, very similar to the
file 1bm0O (monomer) are given in Table 4. heart-shaped structure of the latter observed in the crystal.
The values of the properties for intermediate values, of
or values ofa corresponding to a given value of some

- . . S The phosphorescence fitting routines were based on programs developed
property, can be easily determined by interpolation in Tabl y Dr. M. P. Lillo, whose contribution and criticisms are gratefully ac-

4. The five correlation times¢—0s) f”lre V(?ry similar and, in knowledged. We are also indebted to Dr. R. E. Dale for essential advice,
addition, show the expected relationsliip~ 6, and 6, ~ to Dr. F. Amat-Guerri for erythrosin purification, to Dr. M. Mangaz-
6s. Thus, to get ap,, value to be compared with the experi- Ripoll for his help in image design, and to Drs. A.P. Minton and G. Rivas
mental one (4Gt 2 ns) we used Eq. 9 and the mean vakbgs for helpful comments. S. Leineweber, at the Max-Planck Institute of
_ _ _ ; Biophysical Chemistry, Gingen, Germany, built the PM gating circuit

.(61 + .6.2)./2’ by = (0s + 95)/2 anq¢3 65, according to .the under the invaluable guidance of Prof. T. M. Jovin. R.D. acknowledges the
axis d.ef'nlt'on of the rotating pa_rtlcle. The .agreement Wl.th thesupport of a sabbatical grant, and M.L.F. of a fellowship from the Spanish
experimental values fax = 2 A is very satisfactory, particu- Direccion General de InvestigaaicCientfica y Tecnica (DGICYT). B.C.
larly when we consider that the calculation has been carried oatknowledges a post-doctoral fellowship from Caja Murcia.
using directly the atomic structure with standard values of therhis work was financed by projects PB96—852 and PB96-1106 from the
a parameter. An even better agreement might be obtained dpGICYT and grant 01578/CV/98 from the Fundati§meca (Redin de
adjustment of the value @fto fit best the set of experimental Murcia).
parameters. These model predictions again give strong support
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