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When a small column or flow cell packed with gel particles is completely saturated with a solution containing molecular
species of interest, the average cross-sectional area occupied by the solute (partition cross section) is conveniently and pre-
cisely determined by direct optical scanning. For a mixture of interacting solutes this equilibrium gel permeation measure-
ment yields the weight average of the species partition cross sections and the variation of this quantity with solute concen-
tration permits determination of the solute interaction parameters (stoichiometry, equilibrium constants). We have de-
veloped a computer-controlied single-photon counting spectrophotometer for these measurements. The instrument exhibits
high precision over a wide range of optical density. With counting times in the range of 10—1000 s the standard deviations
on optical densities of protein solutions measured at 220 nm are typically 0.0006 at 1 OD, 0.002 at 2 OD, 0.005 at 4 OD.
Beer's law tests show that deviations from linearity are less than these precision limits. Partition cross-section measurements
for proteins can be made with an accuracy of better than 0.001 and information can be obtained with protein solutions at

least aslow as 1 ug/mi.

1. Introduction

Interactions between subunits of bioclogical macro-
molecules are well-known to play major roles in the
self-regulation of functional complexes such as enzymes,
respiratory carriers, immunochemical and mechano-
chemical systems. Studies of reversible subunit inter-
action thus provide vital information regarding mech-
anisms of stability and self-assembly in such systems.
They also provide a powerful means of probing inter-
subunit contact energy changes which accompany
such processes as cooperative ligand binding.

Characterization of reversibly self-associating solutes
must logically begin with a determination of which
polymer species are present under various conditions
of interest, and in what proportions. The problem of
unambiguously determining the species distribution
in even a simple (two or three species) self-associating
equilibrium is not a simple task. Much effort in recent
years has been devoted to developing experimental
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techniques and numerical methods which would make
such anaiyses routine. However the degree of success
that has been achieved toward this goal has generally
been less than spectacular so that new developments
are of continuing interest.

Interacting solutes, suck as self-associating proteins
or protein—ligand mixtures, are frequently character-
ized by studying a weight-average molecular property
under varying solution conditions. The degree of
solute permeation within an inert porous gel provides
a convenient and sensitive means of studying molecu-
lar size properties in such systems (cf. refs. [1,2]).
These properties can be utilized either in transport
experiments (gel chromatography) [3—12] or in purely
equilibrium experiments (equilibrium gel permeation)
{13—15}. Molecular size-dependent partition coeffi-
cients may be obtained by either approach. The trans-
port experiments provide additional information con-
tained in the solute profile shapes [4,5,9—12]. Equili-
brium gel permeation experiments performed by di-
rect optical scanning of saturated columns have been
shown to provide a convenient methed for obtaining
the relevant equilibrium quantities. Using a scanning
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gel chromatograph developed in this laboratory [13],
the method has been used to explore both single solute
protein systems [14] and protein—ligand binding re-
actions [15].

This paper describes results obtained with a com-
puter-controlled single-photon counting spectrophoto-
meter designed specifically to measure equilibrium
gel permeation. Instead of scanning a chromatographic
column [13] the new instrument measures optical
densities of small flow cells packed with gel particles.
In addition to allowing small sample quantities, it also
affords considerably higher photometric precision
than has previously been obtainable at the necessarily
high optical densities encountered in this experimental
technique.

The basic measurement consists of determining the
optical density of a bed of close-packed gel particles
(e.g. Sephadex) at equilibrivm with a given solution
whose properties are to be studied (i.e., the gel bed
has been “saturated” with the solution of interest).
Subtracting from this the optical density of the gel
bed measured in the absence of solute gives the absor-
bance, 4y, of solute partitioned within the gel bed.
The effects of light scattering and solute absorptivity
are completely decoupled in these systems {13]. A
corresponding absorbance measurement, 4 ,, is made
of the free solution (i.e., in a cell with no gel) at the
same pathlength. The ratio of 4y, to A, then gives the
partition cross section £ representing the fraction of
area within the gel bed accessible to solute [13].

E=a+p. )

In eq. (1) « and B are the void and internal cross sec-
tiors, respectively, and o is the (molecular size-depen-
dent) partition coefficient. If two or more species are
present the measured partition cross section is a weight
average, £, , over the species cross sections

By = Ef £, @

where f; is the weight fraction of species / and &; its
partition cross section. A series of such measurements
of Ew as a function of some solution parameter (usu-
ally protein concentration or protein—ligand ratio)
provides the information necessary to infer stoichio-
metries and equilibrium constants [4—8,15].

The requirements of this experiment place severe
demands upon the accuracy and dynamic range of

spectrophotometric performance. This is particularly
true when systems are to be studied at very Iow solute
concentration. The optical density of a 0.5 cm path-
length flow cell packed with Sephadex (saturated with
transparent solvent) can be as high as 2 OD units at
215 nm. Because of this high baseline the spectro-
photometric response must be linear over a wide range.
In addition, the accuracy must be high at high optical
densities, since information at protein absorbances
less than 0.01 is needed for some systems. Thus the
spectrophotometer for this experiment must be cap-
able of measuring (2) very low absorbances (4, at low
conc), (b) small differences between large optical den-
sities (ODy, and 4, and (c) high optical densities and
absorbances {at high concentrations). Furthermore,
the low protein concentrations which must be em-
ployed in many studies require an ability to exploit
the high extinction of proteins at low wavelengths
(e.g., 210—225 nm); therefore the instrument must
meet the above requirements in this low wavelength
region. We report here the results of tests which show
that our instrument meets these requirements, and
thus provides greatly increased capabilities over pre-
vious instrumentation.

2. Photon counting spectrophotometer — design and
operation

The spectrophotometer we have built employs the
technique of single-photon counting. The photon
counting technique has proved useful in many areas of
photometric measurement, particularly where only
low light intensities are available [16,17]. The digiial
output characteristics of the photomultiplier tube are
utilized to obtain a single pulse for each incident
photon making a fruitful collision with the photo-
cathode. By optimizing the system for this character-
istic one gains the dual advantages of digital data pro-
cessing with its concomitant error reduction and exten-
sion of the measurement range to high optical densi-
ties. Compared to analog light measuring systerms,
photon counting techniques provide greatly improved
signal to noise ratio, long-term stability, and linear re-
sponse over a wide dynamic range.

The optical design of the spectrophotometer is con-
ventional, as shown in fig. 1. The light source is a deu-
terium lamp powered by a Schoeffel model LPS 301
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Fig. 1. Diagram of single-photon counting spectrophotometer. The stepping motor mounted in the cell compartment, positions the
sample carriage (fig. 2) by means of a precision screw to any of two thousand positions under computer cantral. The computer de-
termines time constant and total counting time for the photometric system, performs statistical analyses during data acquisition,
and can be used to adjust sampling times for optimization of experiments.

power supply operating at 60 watt. Radiation from that has passed through the sample and focusas it on
the source is directed through a Zeiss M4 QIII mono- the end-window of the photomultiplier tube (EMI
chromator, used without the beam chopper. Two cus- 6256SA). A sample carriage (fig. 2) is advanced by a
tom-made 30 nm bandwidth interference filters (In- stepping motor turning a precision screw. This cell
frared Industries, Waltham, MA) eliminate stray light holder may be placed at any of two thousand posi-
(light from wavelengths other than the monochroma- tions separated by 25 pm {corzesponding to one incre-
tor setting). The first quariz condensing lens provides ment of the stepping motor). The cell positions are

a converging beam of light impinging upon the sample. reproducible to within a tolerance considerably smaller
A circular aperture of 1 or 2 nun dia. is placed just than a single step. The stepping pulses are generated
before the sample. The secoud lens collects the light by a digital computer under control of a crystal clock,

Teflon plug

Porous palyethiylene

: / Gel

Fig. 2. Side view of sample casriage (diagramatic) showing flow system for gel permeation experiments with two gel cells. When
mounted in the instrument the optical beam is perpendicular to the plane of this diagram. The cells are measured in sequence: air
reference, first gel cell, second gel cell, standard flow cell. The cell train is first measused when saturated with buffer; then sub-
sequently after saturation (judged by constancy of absorbances in the “last™ flow call of the train) with the protein solution. When-
the baseline values are subtracted, comparison of protein absorbance in a gel celf with that of the standard flow cell (corrected to
the same pathlength) yields the moleculas-siza-dependent partition cross section directly.

Standard
flow cefl
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providing great flexibility in positioning sequence and
timing. The nominal driving speed is set at 100 steps/s.
In most experiments four cells are used in the cell
carriage.

The photometric system consists of an EMI
6256SA photomultiplier housed in a cooling chamber
(Products for Research model TE-104TS). An ampli-
fier/discriminator (Solid State Radation, model 1120)
amplifies and shapes the photomultiplier output
pulses into a form suitable for counting by the Data
Converter (SSR madel 1105). Pulse pair resoluiion
time is 25 nanoseconds. Under control of a crystal
clock, the Data Converter counts pulses for a prede-
termined period of time and stores the accumulated
number of events in a 16-bit buffered register. The
data are then transferred in parallel into the digital
computer (Hewlett Packard 2114A 8K) for process-

'ing. The computer also uses a crystal clock for over-
all timing operations. Upon completing a measurement
the computer commands the stepping motor to ad-
vance the cell holder to the next cuvet and a new
measurement is begun.

The software for the computer penmits great flexi-
bility in measurement. The user can preselect arbitra-
rily located positions for the measurements. For each
position there is associated an accumulation time
(“‘time constant™). Since each datum is limited by the
output register of the data converter to 16 bits (32K)
the individual count is repeated several times by spe-
cifying a total measuring time for each position. Typi-
cal values are 0.01 s for the time constant and 10 or
100 s for the total time, yielding 1000 and 10000 re-
peated measurements, respectively. Similar considera-
tions apply for determinations of the dark count
which is generally in the ranges of 2—10 counts/s with
the tube cooled to 10°C.

Upon cycling once through all the desired positions,
the data are converted from mean counis/s (“intensi-
ties”) to absorbances. The instrumen* continues this
pracess for a predetermined number of cycles, prints
out the data at each stage, and finishes by printing the
miean and standard error of the mean for each measure-
ment. Statistical analyses can also be performed on
the raw accumulated data.

An exainple of a typical measurement sequence is
shown in table 1 for a series of 5 sequential measure-
ments of a carriage loaded with four cells. The refer-
ence wag a sealed cuvet containing buffer. Cells 2 and

Table 1

Typical absorbance measurement sequence

Cycle Reference® Cell 290 Cell 397  Celt 40
1 5.10106 2.15082 1.74272 0.35580
2 5.10273 2.15079 1.74643 0.35607
3 5.10236 2.15092 1.74523 0.35891
4 5.1025% 2.15051 1.74661 0.35886
5 5.10313 2.15395 1.74656 0.36195
Mean 5.10237 2.15140 1.74551 0.35832
Std. Dev. 0.00035 0.00064 0.00074 0.00112

3} The reference position samples air. Numbers here are
logarithims of counting rate. All other numbers are in ab-
sorbance units.

B) A 0.5 cm pathlength cell packed with Sephadex G-75.

€} A 0.5 ¢m pathlength cell packed with Sephadex G-100.

4 A1.0cm pathlength flow cell containing no gel. Cells
2, 3, and 4 have been saturated with a solution of carboxy-
hemoglobin at a concentration of 0.95 uM heme/2. Meas-
urements are at 215 nm. Counting times were 10 s for
cells 1 and 4, 100 s for cells 2 and 3.

3 (0.5 cm pathlength) are flow cells packed with
Sephadex gels G-75 and G-100 respectively. Cell 4 is
a flow cell (I cm pathlength) in series with cells 2 and
3 but contains no gel. The flow cells 2, 3 and 4 have
been saturated with a solution of carboxyhemoglobin
at a concentration of 0.95 g/moles heme/2. The meas-
urements are made at 215 nm with counting times of
10 s for cells 1 and 4 and 100 s for cells 2 and 3.

3. Experimental methods and results
3.1. Macerials

Sephadex G-100 (Pharmacia lot 6164) and G-200
(lot 7884) were used for the experiments described in
this paper. An LKB Perpex pump was used to main-
tain a flow rate of 3.6 ml/hr. Sperin whale myoglobin
was obtained from Sigma Chemical Company. Oval-
bumin, aldolase, chymotrypsinogen A and ribonuclease
A were from Pharmacia (calibration kit). Glycyigly-
cine was from Mann. Gamma globulin was from Miles
Turnip Yellow Mosaic virus was a gift from Dr. W.
Gadschalk. Buffers were madz using EDTA (Sigma lot
61C-9100) and Tris (ultra pure Schwartzf/Mann lot
#1481).
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3.2. Precision and stability of the photomelric system

In this section we describe results of incident inten-
sity tests carried out in the absence of samples. These
were prerequisite to the subsequent absorbance deter-
minations. First we summarize relationships between
the principal factors which define precision and stabil-
ity in the system.

3.2.1. Basic relationships

Once a suitable tube temperature (generally 5—10°C
in this systemn) and dynode voltage have been found
for the photomultiplier (1600 voit) the noise in the
instrument is determined by two factors: the inher-
ent uncertainty arising from counting statistics and,
more importantly, noise in the light source.

For all practical purposes photons arrive at the
photocathade completely independently of one another
(although black-body radiation obeys Bose—FEinstein
statistics, no appreciable error is introduced by the as-
sumption of Boltzmann statistics). Within this approxi-
mation the number of photons » arriving in time ¢
described by a Poisson distribution and the standard
deviation is just the square root of the mean. For the
large numbers involved here we can equate the Poisson
distribution with 2 gaussian (“normal™) distribution
having mean r and standard deviation \/. The meas-
urement n, is the sum of the signal »_ and the dark
count n1y; ng = n,, — ng. The quantity of major inter-
est is not the number of counts but the rate r at which
they occur.

nt\/m=rtxJrr . 3)

The standard error of the rate is
Ar=%r/t. ®@

Since the measurement rate and the dark rate are de-
termined in separate experiments, the signal rate and
its associated error are (cf. ref. [20]):

=(rm —ry) £/(r, Ergde Fralty- )

Thxs expression defines the theoretical limit to the pre-
cision of a photon-counting measurement.

For the pulse pair resolution of 25 ns characteristic
of this instrument there can be appreciable coincident
counts at the upper limit counting ranges of 107
photons/s. In a series of tests it was found empirically
that measured absorbances were independent of inci-

dent intensity for incidence rates less than or equal to
5X 105 photons/s. Consequently this setting was used
for all measurements reported.

3.2.2. Incident intensity tests

The stability of a single-beam photometer primarily
depeads upon the stability of the light source. The
best available light source for our purposes has been a
deuterium lamp. For a series of 10 s to 100 s runs
spaced evenly over a period of one to two hours, the
standard deviation was typically around 0.05% to 1%,
depending upon the condition of the lamp (at an in-
tensity of 5 X 105 counts/s). This is slightly higher
than the theoretical value calculated by the square
root method; thus, at present, the light source appears
to be the limiting factor in counting uncertainties. For
relatively short counting sequences the type of results
shown in table 1 (reference position) are typical.

3.2.3. Precision in absorbance measurentents

Having established the quality of individual meas-
urements (intensities), we then investigated the un-
certainty of calculated absorbances, A4,

A =log(R./R,), (6)

where r and s refer to reference and sample measure-
ments respectively. The standard error AA, in A is given

e (7))

a4 =5353 {Rt [l

* R:ts [' 2 (1 :s:d)]}uz' ™

The relative error (A4/A4) is shown in fig. 3 for repre-
sentative sets of parameters. For comparison, fig. 3
also contains the relative error curve for an analog
photometric measurement. It assumes a reference sig-
nal of 1 volt and an efror of £+0.5 mV in any reading,
and is calculated according to:

A =log(I /1), "
Ad=3303 I FViFi ¢)

This error curve shown in fig. 3 for the analog systen.
corresponds approximately to the performance of ovx
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Fig. 3. Error in measur=d absorbance for photon counting (solid lines) and analog (dashed line) photometric systems. The differ-
ent solid curves pertain to counting times of 1, 10 and 100 s {see text).

analog gel scanning system previously described [13].
3.3. Measurements with gel partitioning systems

3.3.1. Quality of absorbance measurements

A number of experiments were carried out to de-
termine the stability of absorbance measurements
made over long time periods with actual gel partition-
ing systems. Based on 10 and 100 s runs, the standard
deviations of ten individual runs spaced evenly in one
and two hour periods are shown in table 2. For these
measurements two sample cells were used. One was
packed with Sephadex G-100 and the other contained
no gel. The first three measurements pertain to myo-
globin solutions in the non-gel-containing cell and the
others are optical densities of gel bed plus various sa-
turating solutions of myoglobin. Measurements were
made at 220 nm. The stability of the optical density
measurements over a period of 15 hours. (inside the
gel) was found to be very high: the standard error of

the mean deviation over the 15 hours, (90 measure-
ments of 100 s each) was 0.0006 at ar optical density

Table 2
Error in absorbance measurement

Absorbance Standard deviation?  Percent error
0.1880 0.00062 0.330
1.1819 0.00052 0.044
1.5245 0.0074 0.049
1.9610 0.0020 0.102
24653 0.0025 0.101
3.0174 0.002 0.073
4.0374 0.0048 0.119

Measurements were made at 220 nm using two cells (1) a
reference solution cell (0.5 cm pathlength) and (2) a similar
cell packed with Sephadex G-100 (also 0.5 em pathlength). Ab-
sorbances are for solutions of myoglobin in these cells. Cell (1)
was used to determine the first 3 values and ceil (2) for the re-
mainder.

) -Based on 10 runs spaced evenly over a two hour period.
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Fig. 4. Beer’s law plots for myoglobin at 220 nm. Curve (A):
Sephadex G-75; (B): Sephadex G-100; (C): Sclution reference
cell. Optical densitics were measured relative to air reference.

of 2.55. Even though the lamp drifts over this period,
the optical density measurement remains essentially
constant. Since the gels are optically inhomogeneous,
this also tests the reproducibility of the cell position-
ing and the stability of the gels themselves.

The next step was to assess the quality of the ab-
sorbance measurements with respect to linearity and
range. An ad hoc test for the presence of stray light is
an extended series of Beer’s Jaw measurements. If a
significant number of uncomected background counts
were present, due either to uncompensated dark count
or to stray light, there would be negative deviations
fiom linearity at high absorbances. (We have found
empirically that the two interference filters are quite

Table 3

Partition cross sections of proteins“)

Solute G-200 cell G-100 cell
Glycylglycine 0.9892 + 0.4009  0.9789 = 0.0007
Myoglobin 0.7994 + 0.0005 0.7103 = 0.6006
Ribonuclease A 0.8231 = 0.0007 0.7359 = 0 2008

Chymotrypsinogen A 0.7613 = 0.0006 0.6632 = 0.0006

Ovalbumin 0.6418 = 0.0010 0.5343 = 0.0009
Aldolase 0.5052 + 0.0006 04058 = 0.0006
¥-Globulin 0.4593+0.0006 0.3771 = 0.0010
Turnip Yellow

Mosaic Virus 0.3183 £ 0.0007  0.3207 = 0.06009

3) Buffer conditions: 0.05 M TrisHCI, 0.1 M NaCl, mM EDTA,
pH 7.6.

effective in eliminating stray light. In combination
they eliminate at least six orders of magnitude stray
light at remote regions of the spectrum from 220 nm.)
Using potassium permanganate solutions of absor-
bances up to 3.6, no deviation from linearity could be
detected. Linear correlation coefficients were 0.99999.

Having demonstrated the capability of measuring
absorbance over a wide range, we then addressed prob-
Iems possibly arising from the gels: Would it be pos-
sible to obtain Beer’s law plots above the “‘baseline™
optical density of the gel? What would be the effect of
light scattered by the gel? Accordingly, we saturated
the gels with protein solutions (e.g., myoglobin) and
measured optical densities of solution and of gel at
220 nm as a function of concentration (fig. 4). No de-
viation from linearity was discernible at optical densi-
ties of 4.0.

3.3.2. Determination of partition cross sections
Molecular size-dependent partition cross-sections
were determined for.a number of protein samples in
order to assess the accuracy with which such quantities
could be determined. The cross sections are shown in
table 3 along with erfor estimates on the values derived-
Protein absorbances were generally in the region

- 0.2—1.0 at 220 nm where measurements were made.

The standard deviations were calculated according to
the error propagation formula for &:

2 2
ppe L {(ACgs) +(AC )
23034, \\ ¢ C,

(2@

b
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Table 4
Partition cross section of partially lizanded hemoblobin®)

Air reference

Solution
reference

Gel cell

Counts/s 5.42171 x10°

Error +0.00257 x 10°
Optical density -

Error -
Absorbance —

Error -
Partition cross section -

Error -

1.61193 x10* 2.17702 x 10°

+0.00290 x 10* 20.00442 X 10°
1.52679 0.39627

+0.00081 +0.00090
0.01637 0.05226

+0.00228 +0.00162
0.6266 -
0.0268 -

a) Hemoglobin solutions were equilibrated with an oxygen—nitrogen mixture prior to flow into the gel. Spectrophotometric analy-
sis after passage through the gel cell and measuring system indicated the sample to be 41% oxyhemoglobin, 51% deoxyhemo-

globin, and 8% methemoglobin. The pO, was ~5 mm Hg.

where 4, is solution absorbance in the solution refer-
ence cell, Cgs represents counts of the gel bed plus
solute partitioned into it, Cg that of the gel bed alone,
C is counts of the solution reference cell with protein
solution in it and C}, without protein. Reproducibility
of partition cross-sections from one experiment to
another for the same solute was found to be approxi-
mately the same as these error levels (table 3). The ac-
curacy we are achieving is substantially higher than
previously achievalbe with the scanning gel chromato-
graph using analog photometry [14].

In a previous study we have Jound that the correla-
tion between molecular radius and partition coefficient
was at least as good as the precision of ¢.0015—0.002
would allow us to calculate when the correlation was
made between molecular radii ‘““seen” by two gels of
different porosity [14]. As has been shown in previous
studies (cf. [8]) the accuracy with which these parti-
tion coefficients can be determined over a wide range
of conditions, is of great importance in defining the

2 »lut? > of species by numerical analysis of the data.

3.3.3. Studies at the lowest concentration
Determinations of partition cross-section at the low-
est concentration are necessarily the most difficult and
are subject to the largest errors. In order to explore
these limits we carried out experiments with human
hemoglobin solutions in a gas-tight system (to be de-
scribed elsewhere) under conditions of partial oxygena-
tion at low concentration. A representative set of data
is shown in table 4 for a solution with an absorbance of
0.052 at 220 nm, corresponding to a concentration of

~2 pg/ml. The error in the determined value of the
partition coefficient for this “worst case’ example
was 0.0268, as compared to the theoretical minimum
error {based on counting statistics alone) of 0.008. For
solutions with absorbances below 0.05 the error is ap-
proximately inversely proportional to the absorbance,
predicting a 100% relative error “wipe out™ in the
range 0.0005 A4 (theoretical error) to 0.001 A (meas-
ured error). This latter corresponds to a hemoglobin
solution 5 X109 M in heme or 8 X105 g/I.

4. Discussion

The results obtained clearly show that the single-
photon counting instrument provides a higher range of
linearity and greater precision in the determination of
gel permeation parameters than has previously been
available. Subsequent papers will delineate the need for
these increased levels of precision in applications to
self-associating solutes. The instrument should also
have considerable application to the study of macro-
molecule—ligand binding reactions by the equilibrium
saturation method.

The capability of measuring partition cross sections
at solute concentrations below one microgram per ml
is important for characterization of tightly associated
systems [19]. For example, the equilibrium constant
for dissociation of unliganded hemoglobin tetramers
into dimers has recently been determined to be around
10~10 M heme [20]. Happily, meeting the constraints
imposed by the low concentration measurements in
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the presence of the gel also gives us an instrument
capable of working at extremely high concentrations —
thus suitable for studying loosely associating systems.
We thus believe that the development of this new
photon-counting instrument represents a singular ad-
vance in the technique of equilibrium gel permeation
and, as a consequence, in the field of protein interac-
tion studies.

The equilibrium gel permeation technique, like
other equilibrium methods, provides inherently less in-
formation than the corresponding nonequilibrium
transport methods, but has the advantage of provid-
ing data that is vastly more straightforward to analyze.
In previous studies [5,9—12] we have explored the
sensitivity of reaction profile shapes in gel chromato-
graphy to variations in solute parameters as well as
parameters of the chromatographic system which are
under experimental control. It was shown that such
profile shapes inherently contain much information,
but that extracting it is a very formidable task. Ideally
both equilibrium and nonequilibrium techniques
should be used in a complementary fashion in the
study of a given unknown system of interest.
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