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Determination of Local Refractive Index for Protein and
Virus Crystals in Solution by Mach—Zehnder Interferometry

Tammy Cole,* Alan Kathman,* Stan Koszelak,t and Alex McPhersont'

*Teledyne Brown Engineering, Huntsville, Alabama; and TDepartment of Biochemistry,
University of California at Riverside, Riverside, California 92521

Received May 4, 1995

To establish the importance of, and quantitatively
evaluate, the macromolecular concentration gradients
in the neighborhood of growing protein, virus, and nu-
cleic acid crystals, a convenient, accurate, and nonin-
trusive method has been devised. This approach
should prove particularly relevant in the rigorous
comparison of crystals grown in a conventional labo-
ratory setting with those grown in a microgravity envi-
ronment. The method is based on precise determina-
tion of the local refractive index using Mach-Zehnder
interferometry. Presented here are data for five pro-
tein and three virus systems. From data for these and
other systems, optical monitoring experiments to mea-
sure local growth conditions and growth kinetics in
liquid-liquid diffusion, batch, and vapor diffusion
crystal growth experiments can be designed. « 1995

Academic Press, Inc.

Further exploitation of the X-ray diffraction tech-
nique to provide a precise structural basis for molecu-
lar biology now depends crucially on an understanding
and mastery of macromolecular crystallization (1-3).
This in turn requires that quantitative methods be
developed for the investigation and characterization
of the crystallization process (4). Of substantial impor-
tance in the investigation of macromolecular crystalli-
zation is an accurate characterization of the fluid envi-
ronment of growing crystals, particularly the protein,
or nutrient, concentration. By delineating the effec-
tive concentration gradients in these regions, the in-
fluence of transport processes on crystal growth can
be evaluated. In addition, an important technique

'To whom correspondence should be addressed. Fax: (909) 787-
3790.
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used to promote macromolecular crystallization is the
direct liquid —liquid diffusion approach (1,5). To accu-
rately describe the kinetics of experiments using liq-
uid-liquid diffusion, it is useful to be able to monitor,
and particularly to quantitate, the progress of the dif-
fusion process. The method described here is well
suited for that purpose.

To quantitate diffusion fields at liquid—liquid inter-
faces and around growing crystals, Mach—Zehnder in-
terferometry (6) was employed. This approach has the
advantages of simplicity, economy, and an extensive
history of application in evaluating density changes in
transparent media. Here, we show that for five differ-
ent protein systems, and three different viruses, the
method can be used to precisely monitor concentrations
in a rapid, convenient, and nonintrusive manner.

MATERIALS AND METHODS

Interferometry involves the division of a beam of
light into two separate beams which are subsequently
recombined. In the absence of any path differences,
the two beams will combine with uniform constructive
interference (no visible effects). Introducing a linear
path difference or tilt between the two beams will re-
sult in the appearance of straight interference fringes.
These can often be used as a reference condition. If a
sample is placed in one of the two beams such that the
varying concentration and density of a dissolved specie
produces a change in refractive index at some point in
the field of the beam, the resultant optical path length
differences will produce perturbations in the fringe
structure. The degree of deviation of the fringe pattern
from the reference condition can then be directly corre-
lated to a change in the refractive index, and ulti-
mately, to the relative concentration of the macromole-
cule.
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The optical path length (OPL)? of a collimated laser
beam through a growth cell can be represented by

OPL = an(x,y,z) dz,

where nix,y,z) represents the index of refraction
throughout a given volume of fluid and L is the physical
path length through the fluid in the z direction. In-
terfering this two-dimensional OPL map with a planar
reference beam will produce a set of fringes or interfero-
gram. Because each pair of light/dark fringes represent
an optical path difference of one wavelength (\) the
relative OPL can also be calculated to a fraction of a
wavelength.

From this relationship, the pitch and position of
fringes in an interferogram of the test cell can be di-
rectly related to the transverse index gradient within
that volume. Because, for a known temperature, the
index of refraction can be directly related to the concen-
tration of the protein or virus solution, the change in
concentration can be determined from experimentally
measured parameters. If the index of refraction is
known for any point in the sample, then the change in
index can be used to calculate a quantitative value for
the index at any other location in the fluid.

In the experiments analyzed here, the protein or vi-
rus solution was simply layered atop a second buffer
solution lacking the macromolecule. Once diffusion ini-
tiates between two liquids, the index of the fluid in the
vicinity of the diffusion layer continually varies. Upon
approach to the initial interface between the two fluids,
the concentration gradient increases to a maximum.
This produces a change in the phase of the transmitted
light, which causes the fringes to curve. The greater
the concentration gradient the greater the fringe curva-
ture.

For an initial, qualitative evaluation of the experi-
mental arrangement a solution of NaCl was layered
upon distilled water. The Mach-Zehnder interferome-
ter was configured to exhibit vertical fringes in the
absence of a concentration gradient. These vertical
fringes act as a “carrier frequency” to prevent fringe
ambiguity in the measurement. They are perpendicu-
lar to the gradients to be measured and therefore do
not compromise the accuracy of the experiment. As the
sample was translated vertically through the field of
view and different points within the diffusion layer ob-
served, the sequence of images seen in Fig. 1 were ob-
tained. Apparent in these photographs is the dramatic
bending of the fringes toward the center of the diffusion

* Abbreviations used: OPL, optical path length; STMV, satellite
tobacco mosaic virus; TYMV, turnip yellow mosaic virus; CMV, cu-
cumber mosaic virus.

layer contrasted with their relatively straight appear-
ance in the regions of pure solution.

Figure 2 illustrates the change in index for given
increments vertically through the test cell. The relative
amount of fringe bending was measured by the number
of fringes crossing a stationary vertical line. In areas
containing pure solution, fringes were straight with no
horizontal component; no index gradients were pres-
ent. Upon approach to the initial diffusion boundary,
greater numbers of horizontal fringes become evident,
indicating more severe gradients in that region of the
fluid. As expected, the change in index over a given
vertical path increases dramatically upon approach to
the initial liquid-liquid interface.

A schematic of the Mach-Zehnder interferometer is
shown in Fig. 3. A 10 mW helium—neon laser (Uni-
Phase) was directed through a spatial filter and colli-
mation lens toward a 50/50 cubic beamsplitter. The two
emerging beams formed the legs of the interferometer
and were redirected toward a second 50/50 beamsplit-
ter which acted as a beam combiner. The sample was
positioned in the path of one leg of the interferometer
using a series of translation stages. The combined
beam exiting one side of the beam combiner was di-
rected through 80 and 800-mm focal length lenses posi-
tioned so as to produce a 10X magnification on the face
of the CCD camera (Sony, XC-75). (The part of the
beam passing through the other side of the beam com-
biner was used for schlieren imaging.) The output from
the camera was directed to a 386 PC equipped with a
frame grabber. A super-VHS time-lapse video cassette
recorder was also interfaced with the system to allow
video recording of the images. Neutral density filters
were placed in front of the camera to avoid saturation
of the CCD.

The proteins studied in these experiments were he-
moglobin, pepsin, ribonuclease B, pepsinogen, and lyso-
zyme. All were purchased from Sigma Biochemical Co.
(St. Louis, MO) and dissolved in distilled water. No
further purification was performed. The viruses em-
ployed here were satellite tobacco mosaic virus (STMV)
a T = 1 spherical virus, turnip yellow mosaic virus
(TYMV), and cucumber mosaic virus (CMV), both T' =
3 spherical viruses. The virus samples were all isolated
and purified by the authors according to published pro-
cedures [STMV (7), TYMV (8), CMV (9)]. All of the virus
samples were recrystallized at least once prior to use.

Experimental Procedure for the Interferometry
Measurements

The samples were contained in quartz cuvettes. A
liquid—liquid diffusion layer was formed by layering a
given volume of distilled water on top of an equal vol-
ume of protein or virus solution. In order to ensure
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FIG. 1.
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Fringe structures at selected points in the liquid-liquid diffusion experiment: (a) in unmixed 18.9% aqueous NaCl, (b) entering

the mixing layer, (c¢) nearing the initial diffusion point, (d) leaving the mixing layer and approaching the distilled water, (e) in the unmixed

distilled water.

a clean boundary between the two fluids, mixing was
minimized by pipetting the water down a glass fiber
suspended over the cuvette. The fiber touched the side
of the cuvette just above the level of the fluid. This
configuration allowed the water to be slowly added at
one location, and it focused most of the turbulent mix-
ing near the edge of the container, away from the cen-
tral region under study (See Fig. 4). The layering pro-
cess was interferometrically observed in real time to
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FIG. 2. Measured index of refraction gradients present in a vertical
cross-section of the diffusion layer created by distilled water layered
onto 6.5% aqueous NaCl.

ensure that mixing was minimal in the test region. In
most cases the fluids layered quite well, but in some
cases measurement had to be delayed because the
fringes in the area of the initial diffusion point showed
a sharp discontinuity and were too dense to be resolved
by the system.

During the course of determining a protein’s test ma-
trix, the concentration was sequentially diluted. As
each interferometry test was completed, equal volumes
of water and the protein solution were pipetted into an
Eppendorf tube and mixed. This dilution formed the
next concentration for study. All protein samples were
centrifuged for approximately 3 min prior to the test.

Camera
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Path
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FIG. 3. Schematic of the Mach~Zehnder system.
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FIG. 4. Procedure for establishing a liquid-liquid diffusion layer
and the resulting regions.

This process generally resulted in slight amounts of
residue which were discarded.

Characterization of the Interferometer System

Prior to carrying out the protein and virus experi-
ments, efforts were made to characterize the interfer-
ometer using known concentrations of NaCl in water.
The data from these experiments were then plotted
with accepted values for the index of refraction (10).
The results are shown in Fig. 5. These standard concen-
trations were prepared in our laboratory. Estimates of
error were made and are shown as error bars on the
graph. The error on the mass measurements was *0.01
g. The error on the volume measurements was 0.1
ml. This uncertainty in volume was largely responsible
for the concentration error bars. As seen in Fig. 5, ex-
perimental points agreed with accepted values within
the error of measurement. This graph estimates the
error in the index of refraction measurements made by
this technique to be approximately +0.001.

Verification of Concentrations

Concentrations of proteins and viruses were con-
firmed using a spectrophotometer (Perkin—Elmer
Lambda 3B). Samples taken from the initial and final
concentrations of the macromolecules were diluted to
ensure a linear relationship between concentration and
absorption. The spectrophotometer was used to mea-
sure absorption at 280 nm, which was then converted
to concentration using the standard correction coeffi-
cients for the proteins. The beginning and ending con-
centrations were adjusted using the results of the ab-
sorption tests. The test matrix of concentrations was
then adjusted accordingly.

Since correction coefficients for the viruses have not
yet been determined, we obtained concentration versus
absorption plots for both STMV and TYMV. (Insuffi-
cient CMV was available to perform this analysis.) The
data were plotted versus concentration and a best-fit
line was calculated. The equation of this line was then
used to adjust the concentration values for the virus
samples. Although this did not correct for error in the
initial concentration, it did assist in correcting for error
introduced through the dilution process.

RESULTS

Fringe structures in both the protein and the virus
samples were similar to those found in the NaCl experi-
ments. There was sharp bending as the fringes ap-
proached the initial boundary layer between the two
fluids and, as previously observed in the characteriza-
tion studies, the fringes slowly straightened over time
until the fluids reached homogeneity. The fringes then
formed straight, continuous fringes throughout the
sample volume.

Index of Refraction Measurements for Proteins

Figures 6a—6e show index of refraction versus cor-
rected concentrations for each of the proteins, and Fig.
6f is a compilation of these graphs. Equations of best-
fit lines are included with appropriate graphs. By far
the largest fractional difference between expected and
measured final concentration occurred with hemoglo-
bin, where there was a 40% differences. This large dif-
ference may be attributable to the relatively large
quantities of amorphous material that separated from
the hemoglobin samples during centrifugation prior to
index measurements. Other protein concentrations
varied less. There was a 9.41% difference in the case
of pepsin, a 4.23% difference in the case of ribonuclease
B, a 2.38% differences for pepsinogen, and a 1.86% dif-
ference for lysozyme.

1.397
1.38 i
1373 va
1.36
135
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1.33

Index of Refraction

o
—————— ~

e T T e

Density of NaCl Solution

FIG. 5. Data taken to characterize the Mach-Zehnder system.
Standard values are represented by open circles and experiment
data are represented by filled circles. Error bars are included for
experimental data,



96 COLE ET AL.

L3S —T—7— 71717 T 7
j f(x) = (1.998x10)x + 1332
1. R2=099%

i o]

Index of Refraction
'
>

1335

TEIT|TTIV T{TTTT

0 10 20 30 40 50 60 70
Concentration (mg/ml)

TITTTTYT

(a)
1.342 T T T T
£(x) = (1.766x10 "Hx + 1.332 /
g L1347 RrRZ=09%
E ]
= 1.3384 7
b 3
s ]
% 1.336 K
=] 3
£
1.334
1.332 ¥t
0 10 20 30 40 50
Concentration (mg/ml)
(c)
1.335 5 ,{
= 1.3345: /
3 13343 Za
3 ] A
< 133357 A
: 1.333 i
.4
1.3325 £(x) = (2.302x10 “4)x + 1.332 —
1{ R2 = 0.986
1.332 Frrtrrr e

0 2 4 6 8 10 12
Concentration (mg/ml)

(e)

1,337

1 o =1.888x10"Hx + 1.332
1336 R2=0956 :
1.3354

v

Index of Refraction
50
ol
e

T

0 S 15 20 125
Concentration (mg/ml)

T {TTTT TTT{TTTT

(b)
1.3345 ——— T T T
f(x) = (1.945x10"%)x + 1.332
= 1.334-:-— R2=00983 /
2 | 1335 /
£ 13335 Vi
[="4 ] /
S 1333 L
3 ]
£ b
1.3325
jV‘
1.332 -

0O 2 4 6 8§ 10 12
Concentration (mg/ml)

(d)
1.348 R B.
-;46 gepsin
en.

= L ] / H%mo.
£ 13444 / Lys
I3} 1 :
,g 1.342 4
5 ]
& 1.34
= ]
x 1.338 ] 7
E 1.336 ]

1.334

1.332

1.33 Frerrbrerprrr b S

O 10 20 30 40 50 60 70
Concentration (mg/ml)

®

FIG. 6. Index of refraction verses concentration data for the selected proteins: (a) pepsin, (b) hemoglobin, (¢c) lysozyme, (d) pepsinogen,
(e) ribonuclease B. A compilation of protein data is shown in (f). All graphs have been corrected for errors produced during dilution.

All of the graphs shown in Fig. 6 display a strong
linear dependence between index of refraction and con-
centration. Since we were dealing with relatively low
protein concentrations, this was not surprising. Such
a linear dependence would be expected for concentra-
tions below the saturation region. The vast majority of
the data points fall on the best-fit line within predicted
experimental error.

Although there are slight differences in the index
relationships for each of the proteins, Fig. 6f illustrates

that the indices for all proteins are fairly similar in
magnitude. This is, again, not surprising, since the pro-
teins are quite similar in chemical composition and
physical size.

Index of Refraction Measurements for Viruses

Figure 7 shows absorption versus concentration for
TYMV and STMV, with TYMV showing particularly
good linearity. The best-fit line from this graph was
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used to calculate dilution errors, and the data were
corrected as described above. The resulting index ver-
sus concentration is shown in Fig. 8a along with the
equation of the best-fit line.

Absorption versus concentration for STMV is shown
in Fig. 7b. Results in this case were not as straightfor-
ward as with TYMV. The graph shows both the best
linear and power fits. The data did not provide a partic-
ularly good linear fit. Furthermore, in the absence of
STMV, the absorption should have been zero and the
line representing absorption should have passed
through the origin, as it does for TYMV. The equation
of the best-fit line, however, does not produce an ab-
sorption of zero in the absence of STMV. Forcing the
data through zero produces the curve shown. The shape
of this curve suggests that there may be some satura-
tion of the transition responsible for the absorption.
Because these findings were inconclusive, these data
were not used to correct for dilutional errors in the
index measurements.

Figure 8 shows the index of refraction for each of the
virus samples and Fig. 8d shows the combined graphs
for TYMV that have been corrected for dilutional errors
using the absorption versus concentration curves pre-
sented above. The STMV and CMV graphs were not
corrected.

CONCLUSIONS

The experiments presented here show that a simple
Mach-Zehnder interferometry technique can be used
to map macromolecular concentration fields within a
small volume of fluid in a precise and noninvasive man-
ner. The approach appears promising for the purpose
of quantitating concentration gradients in the neigh-
borhoods of growing protein, virus, or nucleic acid crys-
tals. Using this technique, the variations in the refrac-
tive index of five different proteins and three different
virus samples were measured. All proteins and viruses
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FIG. 7. Absorption curves for (a) TYMV and (b) STMV. Equations
shown are for the best-fit lines/curves shown in the graphs.
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FIG. 8. Index of refraction versus concentration data for the se-

lected viruses: (a) TYMV at 23.7 + 0.4°C, (b) STMV at 22.6 + 0.4°C,
(c) CMV at 22.4 + 0.3°C. The TYMV graph has been corrected for
errors produced during dilution. The equations represent the best-
fit lines shown in the graphs. A compilation of virus data is shown
in (d).

exhibited an expected linear relationship between in-
dex of refraction and concentration within the ranges
studied. It was also found that the relative values of
index of refraction did not vary substantially among
the different samples.

We would like to note that the conventional Mach—
Zehnder interferometric method used here could be
made substantially more sensitive and could provide far
higher resolution of concentration, by introducing phase
shift interferometric techniques. We feel that at least a
20-fold improvement may be readily achieved in this
way. A phase shift Mach—Zehnder interferometer is
now under construction to demonstrate this hypothesis.

Currently there are a number of investigations using
a variety of space vehicles to study the effects of gravity
on the processes that define macromolecular crystal
growth (11-14). A principal objective of this research
is to obtain a clear representation of the local supersat-
uration and the concentrations of nutrients and impu-
rities in the immediate environment of growing crys-
tals. This must be done in situ and in a completely
nonintrusive manner. The method described here ful-
fills those objectives and does so within the constraints
of the experimental systems.
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