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We present a novel method, the ‘elution-band relaxation method’, to analyze quantitatively reversible isomerization kinetics 
by elution chromatography, taking advantage of the high resolution and speed of high-performance liquid chromatography 
(HPLC). The kinetic information is obtained by measuring the first temporal moments of chromatograms of molecules 
undergoing isomerization and analyzing their dependence on the column length or flow rate. The major advantage of this 
method is that it is applicable to reactions BS fast as the time of elution in HPLC, a speed which has not been attained 
previously in analysis of isomerization reactions based on tbe chromatographic property of molecules. We describe the method 
and report an expeknental application to the denaturation-renaturation kinetics of bovine pancreatic ribonuclease A as an 

1. Introdudion 

High-performance liquid chromatography 
(HPLC) is well known as a powerful tool to 
separate biological macromolecules {for reviews, 
see refs. 1 and 2). It is, however, not fully recog- 
nized as a means of quantitative analysis in bio- 
physical chemistry, although its potentiality was 
clearly demonstrated by ‘zone-interference chro- 
matography’, a method for studying macromolecu- 
lar interactions [3]. In the current study we present 
another example of the analytical potential of 
HPLC. We describe a novel method to study 
another biologically important reaction, isomeri- 
zation, by HPLC, taking advantage of its high 
resolution and speed. 

Many theoretical studies have been done on the 

* Present address: Biometrology Lab., JEOL Ltd., Nakagami, 
Akishimashi, Tokyo 196, Japan. 

spatial distribution of molecules under isomeriza- 
tion in mass transport systems [4-91. Mitchell [8] 
has derived a rigorous solution of the partial dif- 
ferential equations which contain isomerization, 
mass transfer and diffusion. Experimental results 
from urea-gradient gel electrophoresis of proteins 
(for a review, see ref. 10) have been interpreted in 
terms of Mitchell’s solution [ll]. 

However, we cannot use the theory mentioned 
above because elution chromatography gives the 
temporal distribution but not the spatial distribu- 
tion. We can transform spatial distribution into 
temporal distribution by a mathematical proce- 
dure, but in the present study we do not intend to 
develop a method of analysis using temporal dis- 
tribution itself because such a method is expected 
to be complicated. 

The strategy we follow in the present study is 
to focus on the first moment of the chromato- 
gram. It has two major advantages. One is theoret- 
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28 R. Hanar et al./Isomerrzatwn km-tics by HPLC 

ical: the high resolution of HPLC allows us to use 
a simple model. The other is experimental: it is 
easy to measure the first moments experimentally 
with high precision. 

In the following we describe the principle and 
procedure of our method in detail, and report its 
experimental application to protein denaturation- 
renaturation as an example. 

2. Theory 

2.1. Model 

We present a model to calculate the first tem- 
poral moment. In this model, molecule A moves 
with a velocity, u,, and changes to B with a rate 
constant, k, at the same time. Molecule B moves 
with velocity ug and changes to A with rate con- 
stant k’. This situation is expressed mathemati- 
cally as [7] 

$p,(& 1) = - ok&.&, t) - kp,(x, t> 

+k’p,(x, t) (1) 

$,(x, t> = -Q-$+,(X> r> +kp,tx, t> 

-k&(x, t)> (2) 

where pA(x, t) is the spatial distribution of mole- 
cule A at time t and P~(x, t), that of molecule B. 
Diffusion terms can be neglected, as discussed 
later. The initial conditions are 

&(X, 1 = 0) =6(x) (3) 

PB( X, t = 0) = 0. (4) 
I’ 

The point x = 0 is taken to be the column en- 
trance and the point x = I, the column end (i.e., 
I = column length). 

We look upon the mass flow function, u,p, + 
u,p,, at x = 1 as the elution chromatogram; we 
have the first temporal moment 

M,(I) = ~%G,FY,+ +P,) dt. 

as 

(5) 

2.2. Validity of the model 

Here we show that diffusion terms can be ne- 
glected in considering the first moment of the 
HPLC chromatogram. We consider the folIowing 
equation in an endless system [12-141: 

$(x3 t) = n-$dx, t) - u&(x, t). (6) 

D is the effective diffusion constant which in- 
cludes mass transfer kinetics, ordinary molecular 
diffusion, eddy diffusion, etc. [14]. As the initial 
condition we take p(x, t=O) = 6(x). The first 
moment is (see appendix A) 

where I/V is the time to travel a length I with a 
velocity v; the correction for diffusion is D/lu. 

According to plate theory, 2D/o is the height 
equivalent to a theoretical plate [12-141; D/u1 
equals the reciprocal of twice the number of theo- 
retical plates. In HPLC the number is usually of 
the order of 103, lo4 or larger; D/v/ is negligibly 
small. 

We would like to make two more comments on 
the diffusion effect. (1) Although we can take 
another boundary condition for eq. 6 which seems 
more realistic [lS], the conclusion that the diffu- 
sion effect is negligible is not altered. (2) We can 
calculate the first temporal moment in the case of 
an irreversible reaction in an endless system, tak- 
ing diffusion terms into account (see appendix B). 

2.3. CalcuIation of the first moment 

We calculate the first moment, using Laplace 
transformation. Eq. 5 can be expressed as 

(8) 

where S)A and 5YB are the Laplace transforma- 
tions of pA and pB, respectively: 

Z*(K) = /,X‘=?& dt (9) 

T*(K) = irnt?& dt. (10) 
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Instead of eqs. 1 and 2 we have 

Kp/, = -q&w, - kcY” + k’c!FB 

KpB = -u&&, + kZB - k’9*, 

and for eqs. 3 and 4 

2*(x = 0) = lme-Kt( UAKA + u&) di 

2.4. Method of application 

(11) 

(12) 

2.41. E&ion -band relaxation method 
We discuss a method for obtaining the kinetic 

constants, k and k’, from the experimentally ob- 
tained first moment, which we call the elution- 
band relaxation method. 
To show the physical picture of the method, we 

= l/u* rewrite eq. 15 as follows. Let u, a velocity or a 
a=0 

9,(x = 0) = 0 

(13) 
llA\ 

velocity analogue that is characteristic of the sys- 
tern (e.g., the flow rate), and ls be defined by 
t, = I/u, the characteristic time of operation, the 
scaling time; and we have 

as the initial conditions for eqs. 11 and 12. Putting 
the solutions of 6pA and 9s into eq. 8, we obtain 

1 1 --- . ._ _. 

k-ck’ 
+ 

v,k + v,k’l’ 

I 

II 

M,(t,)= k ‘* IB 
‘k/k kf12 

I -+- 
'A TB I 

x[l-exp(-(:+z)t,) 

k+ k’ 
+ 

r,k + rAk’ “’ 

(15) where rA = v,,Jv and rB = uB/u. _ 

(16) 

Fig. 1. Prmciple of the elution-band relaxation method. The 
scaling lime is the characteristic time of operation. As the 
scaling time increases, the remaining peak of the injected 
material, indicated by black bars. becomes smaller, and a 
broad band grows, resulting from isomer&d molecules. The 
method analyzes this elution-band relaxation by evaluating the 

shift of the first moment, indicated by arrows and obtains the 
rate constants. 

The physical implication of tms equation is 
depicted by introducing two time axes (fig. 1): one 
is the axis of the scaling time and the other is that 
of the scaled time which is the real time divided 
by the scaling time. At a fixed scaling time one 
chromatogram is obtained on the scaled time axis. 
Fig. 1 is a simulation of elution chromatograms of 
molecules under isomerization. The black bars 
indicate the remained peaks of injected molecules. 
The longer the scaling time, the smaller the peak 
becomes because more molecules have isomerized. 
In addition, the isomerized molecules form a broad 
band resulting from further isomerization. In this 
sense the elution band relaxes and’ the scaled 
moment (M,(t,)/t,, indicated by arrows in fig. 1) 
shifts. Our method is to analyze this elution-band 
relaxation by evaluating the shift of the first mo- 
ment and to obtain the kinetic constants of the 
reaction. 

Next we describe the procedure followed in the 
method. We rewrite eq. 16 simply as 

M,,(r,) = aa(l - e-p’s) + yt,, (17) 

1 . S&led Time : tk 
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where 

1 1 --- 
k ‘A ‘B 

aA=-’ 
‘A 

2 

k+ k’ 

’ = r,k + r,k’ * 

(18) 

(19) 

(20) 

The suffii A means that A molecules were in- 
jected. To determine all the four parameters (u,.+, 
ug, k and k’) we must also measure MIB(ts): the 
first moment obtained by injecting B. We obtain 
AJIB by exchanging k and k’, and rA and r, 
in eq. 16: 

A4&) = (Yg(l -e-B’s) + yts, 

where 

1 1 --- 

The unknown parameters (aA, aB, p and Y) 
can be determined by measuring MIA(tS) and 
MIe(fs) for various values of t, and by least- 
squares analysis. A series of t, may be obtained 
by varying 1 and/or u. The rate constants and the 
velocities are calculated as 

k= (aAB+;$A-Ug) (23) 

k’= (aRB+;;;s-nA) (24) 

uA=“/(aAb+Y) (25) 

%=u/(%@+Y). (26) 

2.4.2. Simplified procedure 
Here we describe another procedure, the ‘sim- 

plified procedure’, where uA and ua are assumed 
to be known. They can be approximated from the 
positions of the remaining peaks of the injected 
material. When M,, and M,, have been mea- 

sured for one value of ts, the following equation 
of x must be solved: 

1 - epx MIA - MlB -= 
x t,- t, ’ (27) 

where f, and tg are the elution times of the peaks 
of A and B, respectively. k and k’ are calculated 
as 

k= 
x(“IA - ‘A) 

fA( M,A -“,B+tA-tB) 

k’ = 
x(%3-43) 

fB(“IB-M,A+rB-fA)’ 

(28) 

(29) 

2.5. Feasibility 

Here we discuss the feasibility of our method 
briefly. The method is feasible when the un- 
knowns (a,, aB, B and y) can be determined. For 
this the following conditions are found to be 
satisfied: (1) aA and as are large. (2) Pts = 1. 

Condition 1 is equivalent to the following con- 
ditions (see eq. 18-20 and 22): (i) k and k’ are 
small enough. (ii) k - k’. (iii) Velocities of isomers 
are different. How much difference is necessary 
depends on the HPLC system. As to k, however, 
condition 2 gives another condition: 

i.e., the time constant of the reaction should be 
comparable to the time of elution. k’ should 
satisfy a similar condition. 

3. Experimental 

We applied our method to the denaturation-re- 
naturation kinetics of bovine pancreatic ribonucle- 
ase A (RNase A) in guanidium chloride (GuHCl) 
solution. We used a gel permeation column to 
analyze the reaction by the ‘size’ of the protein 
molecule. 

In this section we denote the native protein as 
A and the denatured protein as B, the rate con- 
stant of denaturation as k and that of renatura- 
tion as k’. 
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3.1. Materials and methods 

3.1.1. Materials 
RNase A (XII-A) was purchased from Sigma 

Chemicals (St. Louis). For HPLC experiments fur- 
ther purification was done on TSK-G2OOOSW (7.5 
mm x 60 cm, Toyo Soda, Tokyo) to remove con- 
taminants completely. Lyophilized powder of pro- 
tein containing buffer salts was dissolved in water 
to yield native protein solution or in 5 M GuHCl, 
50 mM Tris-HCl, pH 7.6, to yield denatured pro- 
tein solution. The denatured protein eluted as a 
single band in 5 M GuHCl. GuHCl (specially 
prepared grade) was from Nalcarai Chemicals 
(Kyoto). Tris (T-1503) was from Sigma. The con- 
centration of GuHCl was determined by means of 
an Abbe refractometer [16]. 

3.1.2. HPLC 
The pump system was an HLC-803D (Toyo 

Soda) and the column a TSK-G2OOOSW (7.5 mm 
X 60 cm, Toyo Soda). The injection volume was 
10 ~1. Chromatograms were monitored using an 
absorbance detector (UV-8, Toyo Soda) at 230 nm 
where the absorbance of RNase A varies little 
before and after denaturation. Data were A/D 
converted every second and stored on a floppy 
disk by a microcomputer_ Flow rates were de- 
termined from the positions of the ghosts by tak- 
ing a flow rate of 1 ml/min as standard. 

3.1.3. Optical 
Optical measurements were made on our multi- 

dimensional spectrophotometer (Mark-III) [17]. A 
GuHCl jump was performed by mixing 0 M 
GuHCl and 5 M GuHCl solution Mixing was 
done by injecting buffer into the protein solution 
in the optical cell and stirring with a magnetic 
stirrer. 

3.2. Results and discussion 

3.2.1. Denaturation-renaturation kinetics of RNase 
A 

We first show the results of the study on the 
denaturation-renaturation kinetics of RNase A, in 
3 M GuHCl, 50 mM Tris-HCl, pH 7.6, at 20°C. 
The scaling time, tS, was changed by varying the 
flow rate. 

Fig. 2. Chromatograms of RNase A under denaturation-re- 
naturation in 3 M GuHCI, 50 mM Tris, pH 7.6, 20°C. The 
column was TSK-G2OCQSW (7.5 mmx60 cm, Toyo Soda). 
Starting material was (a) native protein and (b) denatured 
protein. The flow rates were (a) 1.00, 0.706, 0.511, 0.412, 0.344 
and 0.296 ml/min and (b) 1.00, 0.708, 0.511, 0.412, 0.345 and 
0.296 ml/min from above, respectively. Chromatograms are 
normalized to gke the same area. 

Chromatograms are shown in fig. 2 for the 
elution volume. The number of theoretical plates 
was estimated at 6.500 from the width of the 
right-hand side of the peak of the uppermost 
chromatogram in fig. 2a [12]. 

The first moment in the elution volume is 
plotted vs. l/flow rate in fig. 3. As can be easily 

Fig. 3. First moment in elution volume vs. l/flow rate, calcu- 
lated from the chromatograms of fig. 2: (a) fig. 2a, (A) fig. 2b. 
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seen, this plot is equivalent to the plot of M,(t,)/r, 
vs. rs. The results of the least-squares analysis are 
uA = 3.66 & 0.01 cm min-‘, ug = 3.99 f 0.02 cm 
min-I, k = 0.039 + 0.03 min-‘, k’ = 0.057 I 0.05 
min-‘. Values of the velocities are given for a flow 
rate of 1 rnl/min and agree with those calculated 
from the peak positions of the chromatograms of 
this flow rate in fig. 2 (uA = 3.65 cm/min and 
ug = 4.01 cm/min), supporting the consistency of 
the analysis. 

3.2.2. Denaturant concentration dependence of de- 
naturation-renaturution of RNase A 

Next we provide the results from the study on 
the GuHCl concentration dependence of the 
kinetics by the simplified procedure. 

The results are summarized in table 1. The 
activation free energy was calculated from AG* = 
- RT ln(kh/k,T) and is shown in fig. 4. The free 
energy of denaturation was also calculated from 
AG = - RT In(k/k’) and is shown in fig. 5. By 
extrapolation of the line in fig. 5 the AG value,at 0 
M GuHCl was estimated at 6.9 kcal/mol. 

It was a good approximation to obtain uA and 
vg from the peak positions of the chromatogram 
because (l), as seen in fig. 2, the peak position was 
almost independent of the progress of reaction 
and (2) the velocities calculated from the peak 
positions agreed with those from the least-square 
fitting. 

Table 1 

GuHCl concentration dependence of denaturation-renatura- 
tion kinetics of RNase A 

Other solvent condition than GuHCl was 50 mM Tris-HCI, pH 
7.6, 20°C. The simplified procedure was used. The flow rate 
was 1 .O ml/min. 

[GuHCIJ Denaturation Renaturation Equilibrium 

(M) rate constant, rate constant, constant of 
k (min-‘) k’ (mill-‘) denaturation, 

k/k’ 

2.8 0.034 0.10 0.35 
3.0 0.047 0.068 0.70 
3.2 0.084 0.048 1.7 
3.4 0.13 0.039 3.3 

Fig. 4. Activation free energy of denaturation (0) and re- 
naturation (a) of RNase A by GuHCl in 50 mM Tris, pH 7.6, 
at 20eC. 

3.2.3. Comparison with the results of optical mea- 
surement 

To compare our results by HPLC with thpse by 
another method, we studied the kinetics by cir- 
cular dichroism (CD) and fluorescence. So far the 
renaturation kinetics of RNase A has been studied 
mainly by absorbance measurement, and the re- 
sults have been interpreted by a sequential scheme 
which comprises an intermediate [18] or by a 
model which assumes many unfolded states 1191. 

The kinetics was studied by means of GuHCl 
jumps from 0 to 3 M, and from 5 to 3 M. Fig. 6 
shows an example of the data. No significant 
change in CD intensity was observed within the 
dead time of mixing in any experiment. The corre- 

Fig. 5. Free energy of denaturatlon of RNase A by GuHCl in 
SO mM Tris, pH 7.6, at 2O’=C. 
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ET-TOTI 

CD276 
----+%--_...._*_ 

ASS276 

Fig. 6. Example of data of denaturation-renaturation kinetics 
of RNase A in SO mM Tris, 3 M GuHCI, pH 7.6, at 20°C. In 
this example the GuHCl concentration was changed from 5 to 
3 M. Signals were observed simultaneously. Numbers after CD 
or ABS (Absorbance) indicate the wavelengths; FL278/310 is 
the fluorescence excited at 278 nm and detected at 310 nm. 

lation plots, drawn in fig. 7, are linear and suggest 
that the secondary and tertiary structures of RNase 
A grow or are disrupted at the same time in 3 M 
GuHCl, 50 mM Tris-HCl, pH 7.6, at 20°C. 

Fluorescence data were fitted by least squares 
to a single exponential (a x exp( -At) + b). The 

a 

. FL278/310 - 

0 
cu 
N I 0 
0 

results obtained were h = 0.0836 k 0.0015 min-’ 
(from 0 to 3 M) and X = 0.0956 +0.0020 min-l 
(from 5 to 3 M). The residuals showed no sys- 
tematic distribution. The discrepancy of the X 
values may result from the precision of the control 
of the temperature (+ lo C). 

The denaturation-renaturation of RNase A in 3 
M GuHCl, 50 mM Tris-HCl, pH 7.6, at 20°C is 
well characterized by a two-state reaction because 
(1) the changes in the far- and near-UV CD 
correlate linearly and (2) the kinetic data were 
well fitted by a single exponential and the rate 
constants were similar in both directions of the 
GuHCl jump. One can also find in the literature 
[20] an example showing that the renaturation of 
RNase A is a two-state process when detected by 
absorbance. 

h is equal to k + k’, which was 0.096 f 0.006 
min-’ in the HPLC study. The free energy of 
denaturation at 0 M GuHCl was 6.9 kcal/mol in 
the present HPLC study, which roughly agrees 
with the value of 10.3 kcal/mol in 50 mM Tris- 
HCl, pH 7.6, at 25°C determined by CD measure- 
ment [21]. From these agreements it is concluded 
that HPLC and optical measurement detected the 

b . 
. 
: l 

l 

l * . 

Fig. 7. Correlation plots of the kinetic data. The correlation between CD220 and FL278/310 (circles, from upper left to lower right) 
and FL278/310 and CD276 (triangles, from lower left to upper right). The GuHCl concentration was changed (a) from 0 to 3 M or 
(b) from 5 to 3 M. The time range of the plot was 35 min for both. Arrows indicate the directions of the changes of signals, i.e., time. 
CD276 and FL278/310 were measured simultaneously and CD220 was measured in another experiment. Plots were made by 
adjusting the time interval of measurement of CD276 and FL278/310 to that of CD220 by interpolation. 
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same process in the denaturation-renaturation of 
RNase A, although denaturation may be restricted 
when the protein molecule is in the pore of the gel 

[221. 

4. Discussion 

In the present study we have described a 
quantitative method to analyze isomerization 
kinetics on HPLC. It takes advantage of the high 
performance of HPLC in two points. Namely, (1) 
the high resolution of HPLC allows us to use a 
simple method of analysis which is applicable to 
reactions whose time constants are comparable to 
the time of elution. Other methods (e.g., optical 
methods) have a higher time resolution, but our 
method utilizes the chromatographic property of 
the molecule, which has not been used in the 
analysis of isomerization kinetics. (2) The speed of 
HPLC enables us to analyze fast reactions, which 
would be impossible by conventional liquid chro- 
matography. Through these advantages we could 
study the denaturation-renaturation kinetics of 
protein using the ‘size’ of the molecule as a probe 
for the first time. 

Our method is expected to have a wide range of 
application_ Separation of isomers of dipeptides 
containing proline [23] and anomers of pepti- 
doglycans [24] by reversed-phase liquid chro- 
matography has been reported. It would then be 
possible to analyze kinetics as fast as a few minutes 
[23]. Our method would also be applicable to 
isomerization reactions consisting of more than 
two isomers, which may require more sophisti- 
cated procedures and/or higher resolution. 

The success of our method in application is due 
not only to the high performance of HPLC but 
also to the highly quantitative nature of the chro- 
matographic system equipped with a micro- 
processor in data acquisition and processing; it is 
difficult to attain such quantitative sophistication 
with an electrophoretic method [25]. Recently, such 
an HPLC system has become commercially avail- 
able, and its analytical potential would be easily 
educed by software to reduce data. 
. So far sophisticated mathematics has been ap- 

plied mainly to the mechanism of separation (e.g., 

refs. 14, 26 and 27). It has, however, turned out to 
be very fruitful in developing new analytical usages 
of HPLC in the work of Endo and Wada [3] and 
in the present study. We expect further develop- 
ments in this field through the ‘methods of 
mathematical physics’ (28,291. 

In conclusion, we would like to stress that the 
analytical potential of HPLC should be more 
widely exploited, Now HPLC is not a mere tool of 
separation but a ‘spectrometer’. 

Appendix A 

The solution of eq. 6 is 

(Al) 

We obtain the mass flow at x = I as 

a 
UP-D~P I x-t 

(W 

In calculating eq. 7, we use the formula [30]: 

(1% al <77/T Re(p’)>O), (A3) 

where KY(p) is the modified Bessel function of the 
second kind and for Y = n + l/2 

(rt + r)! 
qn+1,&~ = Joe-’ ii rt(n _ r)r(2 )’ 

r-o . z 

This method of calculation is applicable to the 
moment of arbitrary order. 

Appendix B 

We consider a system described by 

-kP*(x, t> (Bl) 
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+kP*(x, t)- 032) 
The solution was given by Mitchell [8] as 

P*(x, t) - & cxp 
(x - vty 

- 4Dt - kt (B3) 1 
k dt, 

471DAtl + 4n-DB( t - tl) 

(B4) 

The first moment is 

M,(l) = /,“fl U*P*(~t t) - &&P(L t) 

+u,P,(& t) - %&(L t)) dt. (B5) 

We rewrite eq. B4 as 

PI&(X, t> 

Xexp _ ((X-X’b-EAt-tN _kt 

[ 
44lCt - h> I 1 . 

036) 

put eqs. B3 and B6 into eq. B5, exchange the order 
of integration so that I?, dx’ may be the last 
one, and transform the integrand lo” dt 1; dt, 
into /F dt lo” dT by T= t - c,. Using the for- 
mulae, eqs. A3 and A4, we have 

+ DA VA + “e 
%t”, - ?4) 

--2 
“B i 

xexP( &(ue-uA)) 
A 

+‘+ ADA 

VB 
-+ff+$(?-$), 
0,’ 

(All) 
where 

ve = /ui + 4D,k. 
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