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Fig. 4. Force versus relative surface displacement
measured between a C,, surface functionalized
with poly(l) and a C,, probe under standard con-
ditions. Rupture forces, periods, and lengths for
the individual polymers are as follows: a, 0.6 nN,
0.63s,0nm; b, 0.4nN, 0.57 s, 14 nm; ¢, 0.7 nN,
0.86s,33nm;and d, 1.2nN, 0.92 s, 40 nm.

as illustrated by the force curve shown in
Fig. 4. Striking features of this force curve
are the multiple rupture points with vary-
ing rupture forces. The differing rupture
lengths are the result of the wide distribu-
tion length of poly(I) and the curvature of
the spherical probe. The fact that poly(I)-
C,, base pairing is not unique but varies
from 20 base pairs down to the minimum
number of bases that are thermodynami-
cally stable is responsible for the variation
in rupture force. The multiple discrete
rupture points within a given force curve
illustrate the monomolecular nature of
these measurements.

These results, the quantitative measure-
ment of the force necessary to rupture the
DNA double helix conformation and the
elasticity of single-stranded DNA, demon-
strate that the AFM can be used to study
both the inter- and the intramolecular in-
teractions of complex biological and syn-
thetic macromolecules with atomic force
and displacement resolution. Furthermore,
this study demonstrates that the AFM has
the analytical capacity to detect the pres-
ence and relative position of specific base
sequences with angstrom resolution.
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Use of Taylor-Aris Dispersion for
Measurement of a Solute Diffusion
Coefficient in Thin Capillaries

Michael S. Bello, Roberta Rezzonico, Pier Giorgio Righetti*

A method for the fast measurement of the diffusion coefficients of both small and large
molecules in thin capillaries is reported. The method relies on Taylor-Aris dispersion theory
and uses standard instrumentation for capillary zone electrophoresis. With this equip-
ment, which consists of thin capillaries (50 to 100 micrometers in inner diameter), an
injection system, detector ports, and computer data acquisition, a sample plug is pumped
through the capillary at known velocity and the peak dispersion coefficient (D) is mea-
sured. With the experimentally measured values of D* and flow velocity, and knowledge
of the inner diameter of the capillary, the molecular diffusion coefficient (D) can be rapidly
derived. For example, for ovalbumin a D value of 0.759 X 10~° square centimeter per
second is found versus a tabulated value of 0.776 X 10~® square centimeter per second
(error, 2 percent). For hemoglobin a D value of 0.676 X 10~® square centimeter per second
is obtained versus a literature value of 0.690 X 10~ ¢ square centimeter per second (error,

1.5 percent).

The idea of using the dispersion of a solute
plug in a laminar Poiseuille flow for mea-
surements of the diffusion coefficient of
solute molecules was presented in a classic
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paper of Taylor (1). This method is attrac-
tive as it offers a possibility for a fast eval-
uation of diffusion coefficients and thus
estimation of the effective dimensions of
the particles in a solution (the Stokes radi-
us). However, this method has not been
brought into everyday practice. This report
concentrates on a practical application of
Taylor’s method for measuring diffusion co-
efficients in a wide range of soluble sub-
stances, from ionic solutions to proteins.
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Thin fused-silica capillaries 50 to 100 wm
in inner diameter were used to obtain fast
(within minutes) evaluation of the diffusion
coefficients. No special precautions to
avoid convective flows or to maintain con-
stant temperature during the run were nec-
essary to obtain agreement with literature
results.

The velocity of the fluid flowing slowly
through a tube (laminar flow) varies over
the tube cross section. For a cylindrical tube
with a circular cross section, the velocity is
a parabolic function of the radius, reaching
its maximum at the tube axis and approach-
ing zero at the tube wall (2). Solute parti-
cles introduced into the flow move with the
fluid along the tube axis with different ve-
locities corresponding to their positions at
the tube cross section. Moreover, molecular
diffusion redistributes them over both the
cross section and the tube axis. Interaction
of the nonuniformity of the fluid velocity
and molecular diffusion leads to a specific
mechanism of dispersion called “Taylor’s
dispersion.” The approximate analysis of
Taylor (1) led to a conclusion that, under
certain conditions (3), the mass flux along
the tube axis may be represented as a sum of
a convective part and a diffusion part given
by Fick’s law with an apparent diffusion
coefficient D*

aC,.
Q=UC, +D*—= . (1)

where Q is the mass flux along the tube
axis, U is the mean velocity, C_, is the mean
analyte concentration over the tube cross
section, and x is the distance along the axis.

The apparent diffusion coefficient D*,
which will later be called the “dispersion
coefficient,” is related to the tube radius,
the mean velocity of the fluid, and the
coefficient of the molecular diffusion. Aris
(4) extended the theory of Taylor (1) and

found the following expression for D*

R
* =
P*=D+ 25

(2)

where D is the coefficient of molecular
diffusion and R is the tube radius. Equation
2 provides a basis for obtaining the molec-
ular diffusion coefficient of a solute mole-
cule through an experimental measurement
of its dispersion coefficient D* in a fluid
flow of known mean velocity flowing in a
tube of known radius.

A limitation imposed by Taylor on the
validity of his theory (I, 3) and not over-
come by Aris’s treatment was that the mi-
gration time of the solute through the lon-
gitudinal region where the mean concentra-
tion changes substantially should be longer
than the characteristic diffusion time (5).
That is, relatively narrow bore capillaries
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and slow flows should be used for precise
measurements.

The theory of Taylor was experimentally
verified by himself (1) and by other workers
(6—8). Taylor measured the dispersion of
potassium permanganate solutions in water
flowing through a tube. His experimental
results qualitatively confirmed the theory,
but quantitative agreement between his
measured diffusion coefficient and that
found in the literature was not achieved.
Further experimental work showed good
agreement between measured dispersion
and theoretical predictions even for rela-
tively high fluid flow velocities. Good
agreement between the theoretically pre-
dicted dispetsion coefficient and experi-
mentally measured values was found for ni-
trogen-ethylene mixtures (8). The experi-
mentally found coefficient of molecular dif-
fusion differed by only 0.7% from that
obtained from viscosity measurements.
However, the agreement for other mixtures
was not so close as a result of limitations
associated with the detector used in this
study. Subsequently, the theory of Taylor
and Aris was generalized (9, 10), and the
time dependence of the dispersion coeffi-
cient was shown to be negligible for times
longer than 0.5R?/D (10).

Thus, work done by the early 1970s
showed, both theoretically and experimen-
tally, that Taylor’s theory might be success-
fully applied to molecular diffusion mea-
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Fig. 1. Five superimposed elution profiles of
0.25% DL-phenylalanine obtained in five con-
secutive runs. Between runs the capillary was
rinsed with distilled water for 2.5 min. The capil-
lary was 98.8 uwm in diameter, the length of the
capillary was 1 m, and the distance between the
injection point and the UV detector was 0.927 m.
A Waters Quanta 4000 (Millipore; Milford, Mas-
sachusetts) capillary zone electrophoresis unit
was used throughout. We injected all samples
by lifting the edge of the capillary by 9.8 cm
during 30 s. The liquid was pumped through the
capillary by a pressure drop of 5.53 X 10% N/m?
in all experiments. The wavelength used was
214 nm.
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surements. However, the method has not
been generally applied, probably because of
difficulties with detection and a need for
rather narrow bore capillaries (11).

In our experiments we used commercial-
ly available narrow bore fused silica capil-
laries and a standard instrument for capil-
lary electrophoresis, equipped with a pump,
an injection system, and an ultraviolet
(UV) detector connected to a computer for
data storage and processing. We used this
system for measurements of the dispersion
coefficients D* of both small and large mol-
ecules (potassium hydroxide, citric acid, DL-
phenylalanine, DL-tryptophan, hemoglo-
bin, and ovalbumin). We determined the
inner diameters of the capillaries, necessary
for calculation of D (Eq. 2), by weighing a
drop of mercury filling a certain length of
the capillary.

A capillary was initially filled with dis-
tilled water or a buffer solution, and then
we injected the initial sample plug by
inserting the edge of the capillary into the
vessel containing the sample and lifting
this edge, thus allowing the solute to enter
the capillary during some time. Thereaf-
ter, the edge of the capillary was returned
to the vessel containing the pure solvent
and a pressure drop was applied to the
ends of the capillary, and the fluid slowly
flowed through the capillary. A UV detec-
tor was positioned at a distance € from the
injection point. The UV detector moni-
tored the UV absorbance signal, giving an
elution profile C(t), where C is the ampli-
tude of the signal and ¢t is time. The elu-
tion profile in a digital form was stored on
a computer hard disk. The length of the
initial plug, controlled by the time of the
sample injection, was small in comparison
with the distance €.

0.8+

0.4+

UV absorbance (arbitrary units)

0.0 T T T =T 1
0.0 0.1 0.2 0.3 0.4 0.5

Time (min)

Fig. 2. Five superimposed elution profiles of 1%
ovalbumin (hen’s egg) solution in a 100 MM tris-
borate buffer, pH = 8. The inner diameter of the
coated capillary was 75 pm, the total length was
0.398 m, and the distance between the end of the
capillary and the UV detector was 0.328 m. The
wavelength used was 214 nm.




We numerically filtered the elution pro-
file by a moving-bar nine-point filter; there-
after, the zero moment (M,) and normal-
ized first (m;) and second (m,) moments
were calculated according to

M0=f C(t)de
0

1 o
m; = I—\A—Ofo C(oedt

1 o
m, = ﬁo fo C(t)(t — m,)*dt (3)

According to the Taylor-Aris theory, the
distribution of the mean concentration
over the capillary axis becomes Gaussian
after a relatively short time. We assume
that this occurred in our case. For a Gaus-
sian profile, the time moments (Eq. 3) are
related to the dispersion coefficient as fol-

lows (12)

¢ 2D*
AN
8D*?

2D*
=_UT€+W 4)

my

m,

These equations allow for determination of

both €/U and D* as

€ m 4m,
a——? 3 - 1+—TT{ (5)

1 ¢
wtefn) o

Finally, Eq. 2 is applied to calculate the
coefficient of molecular diffusion. To
compare our diffusion coefficients with

those given in the literature for a certain
temperature, we read the temperature in
the box containing the capillary from the
instrument display. It was assumed that
the coefficient of molecular diffusion
obeys Einstein’s relation and thus is pro-
portional to the absolute temperature and
inversely proportional to the solution vis-
cosity (13).

An example of a low molecular mass
substance having a well-known diffusion
coefficient is DL-phenylalanine. The fused
silica capillary used had a nominal inner
diameter of 100 wm. Five consecutive runs
performed with DL-phenylalanine diluted in
water are shown in Fig. 1. All five peaks
coincide, thus demonstrating excellent re-
producibility. The experimentally found
value of the molecular diffusion coefficient
in nine runs with a 98% confidence interval
is Doy = (0.708 = 0.012) X 10™° cm?fs,
whereas the literature value is D, = 0.705
X 107° cm?/s (14). Therefore, the relative
difference between the value found by Tay-
lor’s approach and the known value is € =
0.43%, where € = |D_,, — D l/Dy-

Another example of a well-characterized
macromolecule is ovalbumin. In this case, it
was necessary to use a coated capillary (15)
to avoid interaction of the protein with the
capillary surface. The results of a series of
five diffusion measurements with a 1%
ovalbumin solution on a 100 mM tris-bo-
rate buffer, pH = 8, are shown in Fig. 2. In
this case also, the peaks almost coincide,
demonstrating the very high reproducibility
of the method. The peak shape in this case
differs from Gaussian, which is characteris-
tic of Taylor-Aris dispersion at the earlier
stage of the peak elution (10). The experi-
mentally found diffusion coefficient of
ovalbumin is D, = (0.759 = 0.014) X
107% cm?fs, whereas the previously found
value is D, = 0.776 X 1076 cm?/s (16).

The relative difference between experimen-
tal and tabulated value is € = 2%.

Results of diffusion measurements = for
various substances in capillaries of different
inner diameters are presented in Table 1. It
can be seen from these data that, whereas
the agreement between experimental and
tabulated values for KOH is good, the rel-
ative difference € for citric acid is rather
high. This illustrates an essential limitation
of the method: it cannot be applied to a
substance having a diffusion coefficient
that depends strongly on concentration. In
fact, citric acid has three degrees of dissoci-
ation, and, as the diffusion coefficient de-
pends on the degree of dissociation, it
strongly depends on the concentration of
the solution.

Another effect seen from the analysis
of the data in Table 1 is the interaction of
the solute molecule with the capillary wall
in bare, fused silica capillaries. The lower
the capillary inner diameter, the higher
should be the effects of the wall-molecule
interaction. The difference between mea-
sured and tabulated values is low for DL-
phenylalanine obtained in capillaries of
75- and 100-pm inner diameter, whereas
it increases 10-fold in a capillary of 50-pm
inner diameter. The data for DL-trypto-
phan give an additional illustration of the
analyte-wall interaction. In this case, the
use of a capillary with 100-pm inner di-
ameter is important for obtaining correct
results.

Knowledge of the diffusion coefficient of
macromolecules is very important in bio-
chemical and biophysical analysis because
this quantity is related to the mass and
shape of these substances. In the 1950s,
Stokes (17) proposed a method based on a
diffusion cell having a porous disk separat-
ing the pure solvent from the solution. The
method gave only relative, not absolute,

Table 1. Experimental measurements of the diffusion coefficients based on the use of Taylor-Aris dispersion; ID, inner diameter of the capillary; SD, standard
deviation for the diffusion coefficient, found in nine runs. Values D,,, have an accuracy of 0.1%.

D D, SD D, €
Sample (wm) Solvent (100 Cmz/s) (10-6 om?/s) (1076 ome/s) (%)
KOH, 1.05 M* 75 Water 271 0.8 27.2 0.55
Citric acid, 0.1 M 75 Water 6.8 0.1 6.6 3.2
DL-Phenylalanine, 75 Water 7.08 0.1 7.05 0.44
0.25% w/w
DL-Phenylalanine, 98.83 Water 7.08 0.1 7.05 0.43
0.25% w/w
DL-Phenylalanine, 50 Water 6.77 0.24 7.05 3.88
0.25% w/w
DL-Tryptophan, 75 Water 6.31 0.043 6.59 4.26
0.23% w/w
DL-Tryptophan, 98.83 Water 6.51 0.033 6.59 1.3
0.23% w/w
Hemoglobint, 75 Tris-borate 0.676 0.007 0.69 1.5
0.5% (coated) (oH = 8)
Ovalbumint, 75 Tris-borate 0.759 0.014 0.776 2
1% (coated) (pH = 8)
*The profile of KOH was detected by means of the refractive index gradient. tFrom a normal human adult. FFrom hen’s egg.
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data. Another method much in vogue then
was the use of the analytical ultracentrifuge,
by which, on the same time photograms
used for measuring the sedimentation coef-
ficient (by monitoring the movement of a
boundary through Schlieren optics), one
could also assess the diffusion coefficient
(18).

More recent methods for measuring dif-
fusion coefficients of macromolecules are
based on dynamic laser light scattering
(19). Clearly, all these methods require
dedicated equipment and are not easily
available to scientists in nonspecialized
laboratories. The present method is based
on commonly available equipment (an in-
strument for capillary zone electrophoresis
or just a capillary, pump, and UV detec-

tor), now standard in most biochemical

laboratories, and allows an easy and repro-
ducible determination of D values for both
small analytes and macromolecules. How-
ever, a relatively large difference between
D.,, and D for macromolecules indi-
cates that slower flows should be used in
such cases.

The present method allows for a quick
and precise estimation of the molecular
diffusion coefficient and, thus, of the ra-
dius of a molecule in a wide range of
molecular mass values and might be useful
in a larger number of chemical and bio-
chemical laboratories than in the past. An
additional advantage of this application of
Taylor’s approach is that only small vol-
umes of solution (fractions of nanoliters)
are required.
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Synthesis of Proteins by Native
Chemical Ligation

Philip E. Dawson, Tom W. Muir, lan Clark-Lewis,
Stephen B. H. Kent*

A simple technique has been devised that allows the direct synthesis of native backbone
proteins of moderate size. Chemoselective reaction of two unprotected peptide segments
gives an initial thioester-linked species. Spontaneous rearrangement of this transient
intermediate yields a full-length product with a native peptide bond at the ligation site. The
utility of native chemical ligation was demonstrated by the one-step preparation of a
cytokine containing multiple disulfides. The polypeptide ligation product was folded and
oxidized to form the native disulfide-containing protein molecule. Native chemical ligation
is an important step toward the general application of chemistry to proteins.

Proteins owe their diverse properties to the
precisely folded three-dimensional struc-
tures of their polypeptide chains. This is the
defining feature of a protein, rather than
size or molecular mass per se. Merely de-
scribing the three-dimensional structure of
a protein is insufficient to fully explain its
biological properties. A better understand-
ing of how structure dictates the biological
properties of a protein would be achieved by
systematically varying the covalent struc-
ture of the molecule and correlating the
effects with the folded structure and biolog-
ical function.

In this report, we describe an important
extension of the chemical ligation method
(1) to allow the preparation of proteins
with native backbone structures. The prin-
ciple of “native chemical ligation” is shown
in Fig. 1. The first step is the chemoselec-
tive reaction of an unprotected synthetic
peptide-a-thioester (2, 3) with another un-
protected peptide segment containing an
amino-terminal Cys residue to give a thio-
ester-linked intermediate as the initial co-
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valent product. Without change in the re-
action conditions, this intermediate under-
goes spontaneous, rapid intramolecular re-
action to form a native peptide bond at the
ligation site. The target full-length polypep-
tide product is obtained in the desired final
form without further manipulation. We be-
lieve that general synthetic access of this
type will allow almost unlimited variation
of the covalent structure of the protein
molecule.

Model studies were undertaken with
small peptides to investigate the native
chemical ligation approach (4). These stud-
ies were consistent with the mechanism
shown in Fig. 1, in which the initial thio-
ester ligation product was not observed as a
discrete intermediate because of the rapid
rearrangement to form a stable peptide
bond. Facile intramolecular reaction results
from the favorable geometric arrangement
of the a-NH, moiety with respect to the
thiocester formed in the initial chemoselec-
tive ligation reaction. The use of such “en-
tropy activation” for peptide bond forma-
tion is based on principles enunciated by
Brenner (5) and more recently adopted by
others (6).

Study of a variety of model peptides
established that native chemical ligation
was generally applicable to peptides con-
taining the full range of functional groups





