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Abstract

Gene expression is controlled by protein complexes binding to short specific sequences of DNA, called cis-regulatory elements.
Expression of most eukaryotic genes is controlled by dozens of these elements. Comprehensive identification and monitoring of these
elements is a major goal of genomics. In pursuit of this goal, we are developing a surface plasmon resonance (SPR) based assay to iden-
tify and monitor cis-regulatory elements. To test whether we could reliably monitor protein binding to a regulatory element, we immo-
bilized a 16 bp region of Saccharomyces cerevisiae chromosome 5 onto a gold surface. This 16 bp region of DNA is known to bind several
proteins and thought to control expression of the gene RNR1, which varies through the cell cycle. We synchronized yeast cell cultures,
and then sampled these cultures at a regular interval. These samples were processed to purify nuclear lysate, which was then exposed to
the sensor. We found that nuclear protein binds this particular element of DNA at a significantly higher rate (as compared to unsyn-
chronized cells) during G1 phase. Other time points show levels of DNA–nuclear protein binding similar to the unsynchronized control.
We also measured the apparent association complex of the binding to be 0.014 s�1. We conclude that (1) SPR-based assays can monitor
DNA–nuclear protein binding and that (2) for this particular cis-regulatory element, maximum DNA–nuclear protein binding occurs
during G1 phase.
� 2007 Elsevier Inc. All rights reserved.
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Genomic DNA plays two essential roles in eukaryotic
cells. It encodes both the structure (amino acid sequence)
for proteins and the instructions for when and where to
transcribe mRNA, the initial process in protein produc-
tion. The instructions are encoded in short (5–20 base pair)
sequences, called cis-regulatory elements. Complexes of
nuclear proteins, called transcription factor complexes,
bind to these cis-regulatory elements and enhance or
repress transcription. Transcription only proceeds when
the occupancy of dozens of these cis-regulatory elements
is in an appropriate state [1,2]. Comprehensive identifica-
tion and monitoring of these cis-regulatory elements could
lead to a better understanding of fundamental biological
processes like development [3] and evolution [4].
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Several different approaches to the identification prob-
lem are being pursued. One can use computational analysis
of genome sequence [5–9], or compare promoter regions of
genes that show highly correlated expression patterns
[10–13]. A different, but related, problem is the identifica-
tion of which DNA sequence binds to known purified tran-
scription factors [14–16].

Monitoring is a different problem that cannot be solved
by computational analysis. Gene expression is often tran-
sient in cells. Monitoring provides information on the
occupancy of cis-regulatory elements as a function of the
cell’s state or environment.

Our approach is to both identify and monitor whether
any nuclear protein binds specific regions of DNA, puta-
tive cis-regulatory elements. The identity of the nuclear
proteins are not known a priori, but the sequence of the
DNAs are known. Hence, we immobilize the known
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DNA to a surface and pass nuclear lysate across this
surface. Binding between the immobilized DNA and pro-
tein in the nuclear lysate is monitored using surface plas-
mon resonance. The ultimate goal of this line of research
is to develop a high throughput system that would enable
one to comprehensively monitor all regulatory elements.
This, in turn, would lead to a better understanding of
how gene expression is regulated.

Previously, we demonstrated that one could identify cis-
regulatory elements using surface plasmon resonance [17].
We did this by showing a significant change in SPR signal
correlated with both nuclear protein binding to DNA
sequence representing a particular cis-regulatory element
and an increased level of promoter activity. In this work,
we demonstrate that we can also monitor dynamic changes
in the occupancy of cis-regulatory elements. We do this by
monitoring yeast nuclear protein binding to a portion of
the RNR1 promoter, as the cell cycle progresses.

Surface plasmon resonance has been previously used to
study DNA protein interactions [18–20].

We chose to test SPR monitoring of a cis-regulatory
region using a yeast gene, ribonucleotide reductase 1
(RNR1). Yeast ribonucleotide reductase, a multi-protein
complex, catalyzes one step in the dNTP production path-
way. It is activated both as a normal part of the cell cycle
and also in response to DNA damage [21–25]. RNR1
mRNA levels vary considerably with the cell cycle; the
peak level occurs in the G1 phase [26]. By collecting nuclear
protein from a synchronized culture of yeast and exposing
them to an SPR surface coated with different DNA
sequences, we ultimately aim to identify all the specific
cis-regulatory elements responsible for the periodic expres-
sion of RNR1. In this paper, we monitored just one well-
known cis-regulatory element, as shown in Fig. 1.
Experimental

Yeast cell cultures. We used the PY1 strain of Saccharomyces cerevisiae

(yeast) [28]. It has the BF264-Dau genetic background. BF264-Dau is a
derivative of BF264-15D [29] (ARG4, bar1D, ura3Dns, ade1, his2, leu2-
3,112, and trp1-1a). Bar1D is required in the yeast strain to inactivate
Bar1p, a protease secreted in a cells to cleave and inactivate a factor. a cells
that lack Bar1p are ultra-sensitive to G1 arrest induced by a-factor.
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Fig. 1. We monitored the binding of nuclear protein to a 16 bp region of the R
lies on yeast chromosome 5 approximately half-way between the coding region
the MBP1, SWI4, SWI6, and FKH1 binding sites within this 16 bp sequence,
Yeast cultures were grown in YPD medium (2% yeast extract, 4%
peptone, and 4% dextrose) at 30 �C with a temperature controlled heater
and shaker. One liter of YPD growth medium was in each 2-L flask, to
allow sufficient aeration. Cultures were grown for approximately 20 h until
cells reached late-log phase.

Synchronization of yeast cultures. Following [26], yeast cells were
synchronized by adding 12 ng/ml of a-factor to culture for 3 h. a-Factor, a
13 amino acid peptide (Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-Gln-Pro-
Met-Tyr), arrests a cells in G1 of the cell cycle. This a-factor is removed by
centrifugation of the cells, replacing the supernatant with fresh medium,
and re-suspending the cells. This process is repeated twice to ensure that
all a-factor has been removed. Samples were taken at regular intervals
after establishing synchronous cultures and then processed through the
nuclear protein extraction protocol.

The yeast suspension was pelleted by centrifugation and washed in 1 ml
water. The suspension was centrifuged, washed by 500 ll RNAse solution
(40 mg RNAse A and 20 ml 50 mM Tris, pH 8.0/15 mM NaCl) and incu-
bated at 37 �C overnight. On the next day, the solution was centrifuged,
resuspended in 300–500 ll protease solution (50 mg pepsin, 45 ll concen-
trated HCl, 10 ml water), and incubated at 37 �C for 15–30 min. Again, this
solution was spun out and resuspended in 500 ll water [34].

Flow cytometry. Flow cytometry monitored the degree of synchroni-
zation. Fifty microliters of solution was transferred to a FACS tube that
contained 1 ml of 1· Sytox (1 mM Sytox Green in DMSO from Molecular
Probes) in 50 mM Tris at pH 7.5. It was then incubated at room tem-
perature for at least 1 h. Before using flow cytometry, the sample solution
was sonicated for 5 s on low power. The samples were illuminated at
488 nm by the flow cytometer and fluorescence near 530 nm was recorded.
We used WinMDI software to convert fluorescent intensity to DNA
content frequency histograms. The histograms were further analyzed by
utilizing Cylchred [30,31] to quantify the percentage of cells in different
phases of the cell cycle (G1, S, and G2/M).

Nuclear protein extraction. Nuclear protein was extracted from each
sample of the synchronous culture. Detailed protocols exist [32,33] for the
isolation and purification of yeast nuclei. Following these, yeast cells were
first converted to spheroplasts by adding Zymolyase, which digests the cell
walls by disrupting b-glucan linkages. Spheroplasts were then lysed and
recovered from the glucanase treatment. Centrifugation at 13,000 rpm for
30 min separated the cellular lysate from the nuclear contents. The nuclear
extract was further purified by gradient centrifugation and finally by
dialysis. A protease inhibitor cocktail (Sigma P8215, which contains 4-(2-
aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatin A, E-64, and
1,10-phenanthroline) was added to the extraction buffer to inhibit any
protease activities.

Concentration of nuclear protein. To determine the concentrations of
nuclear proteins, we used the BioRad protein assay, which is based upon
the method of Bradford [35]. This is a dye-binding assay in which various
concentrations of protein are indicated by a differential color change of the
dye. First, three to five dilutions of a protein standard were prepared.
Then, 10 ll of each standard and sample solution was pipetted into a
clean, dry well of a microplate. Afterward, 200 ll of dye reagent concen-
RNR1
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trate was added, mixed, and incubated at room temperature for 5 min.
Finally, the absorption is measured at 595 nm.

Surface plasmon resonance measurements. Surface plasmon resonance
measurements were made with the Spreeta SPR sensor. The experimental
set up includes a data acquisition and control computer, a syringe pump,
and a Spreeta evaluation kit. The three channel Spreeta evaluation kit
consists of several Spreeta sensor modules, a three channel flow cell, an
electronic controller with comprehensive software, and an integrated flow
block. The sensor modules are made by Sensata (formerly a division of
Texas Instruments); other components are made by Nomadics.

The flow block was used to connect the Spreeta sensor module with the
control box and to secure the flow cell to the surface of the sensor. The
flow cell provides three independent flow channels. Each channel is
approximately 4.5 mm long and 0.1 mm wide. The flow cell confines
solution to the narrow channels, which correspond to the sensor surface.

The sensor data was analyzed to determine relative protein binding by
measuring the difference in steady-state refractive index level before and
after the addition of nuclear protein. Each experiment was repeated three
times to provide error estimates.

Attaching DNA to the gold surface. Double stranded DNA represent-
ing a region of yeast chromosome 5, (see Table 1), was attached to the
Table 1
Oligonucleotides used in the RNR1 promoter experiments

RNR1a: 5 0-Biotin-AAA AAA CGC GTA AAC A-3 0

RNR1b: 30-TTT TTT GCG CAT TTG T-5 0

RNR1 contains a biotin on the 5 0 end of the strand, which is used to
immobilize the strand to the surface.
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Fig. 2. After the synchronization protocol, flow cytometry measurements quan
figure depicts the flow cytometry data, which is a histogram of DNA content p
DNA content per cell increases.
sensor surface using bovine serum albumin (BSA) as an intermediate.
First, two complementary single-stranded DNA fragments, derivatized
with biotin at the 5 0 end, (see Table 1) each at 450 lM concentration, were
added together into a microtube. The microtube was placed into boiling
water and allowed to slowly cool to room temperature. This annealing
process produces double stranded DNA.

The immobilization scheme was implemented by flowing different
solutions across the sensor surface. The sensor was monitored to confirm
the appropriate surface modifications took place. The solutions contained
(in order) biotin–BSA (0.67 mg/ml), streptavidin (0.33 mg/ml) and biotin–
DNA (either sample or control, 450 lM) in PBS (1.37 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4 at pH 7.3), which is also the
running buffer. These were stored at �20 �C, and thawed before use.
Changes in refractive index adjacent to the sensing surface were moni-
tored. Solutions remained in contact with the sensing surface until a stable
refractive index value was reached, indicating the binding is at equilib-
rium. The running buffer was injected between each solution to remove
non-specifically bound molecules. We previously measured the DNA
surface density to be 1.0 ± 0.1 · 1011/cm2 [36].

Measuring nuclear extract binding to DNA. The nuclear extract
(0.33 mg/ml of protein) in protein binding buffer (20 mM Hepes (pH 7.6),
10 mM MgSO4, 1 mM EGTA, 20% glycerol, 75 mM ammonium sulfate)
flowed across the sensor. The nuclear extract was stored at �80 �C to
prevent any degradation. Binding buffer was then injected to remove any
non-specifically bound protein.

Cleaning. To restore the surface of the sensor to its original state, it was
gently wiped with a Kimwipe wet by 6 N HCl and then flushed with water.
This procedure was repeated three times. Then, 70% ethanol was used to
wipe the surface followed by flushing with water; this was repeated three
times. This cleaning procedure effectively removed all the immobilized
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layers. This was confirmed by measuring the refractive index of pure water
as 1.3330. After each experiment was done, all syringes and tubes were
rinsed thoroughly by water three times.

Results and discussion

Synchronous yeast cultures

Measuring dynamic changes due to the cell cycle in
binding between DNA and nuclear protein requires syn-
chronous yeast cultures. We synchronized yeast cultures
by the addition (and subsequent removal) of alpha factor,
as described above. We monitored the degree of synchroni-
zation by sampling the culture at regular intervals and mea-
suring the DNA content in each cell with a flow cytometer.
DNA content measurement is a reliable indicator of stage
in the cell cycle. Fig. 2 displays the results of the flow
cytometry measurements.

Nuclear protein binding to part of the RNR1 promoter

Once we established a synchronous yeast cell culture, we
extracted nuclear protein at different time points and mea-
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Fig. 3. Surface plasmon measurements indicate that a significant increase
in nuclear protein binding to a 16 bp sequence found in the RNR1
promoter occurs midway through G1 of the cell cycle. Each measurement
was repeated three times and the data points represent the mean value,
while the error bars indicate the standard deviation in the mean. The time
ranges for different phases of the cell cycle, G1, S, and G2/M were
determined from the flow cytometry data shown in Fig. 2. A t-test
indicates that measured binding at times t = 30 and t = 45 min differed
significantly from the control.
sured the extent that the nuclear protein would bind to the
selected 16 bp region of the RNR1 promoter. As a control,
we compared these results to nuclear protein extracted
from unsynchronized yeast cells. The results, presented in
Fig. 3, show that synchronous yeast cells produce a signif-
icant change in nuclear protein that is capable of binding to
RNR1a:RNR1b midway through G1 phase of the cell
cycle. These nuclear proteins are not present in the yeast
nucleus a short time later.

Previously, others have measured levels of RNR1
mRNA. Spellman et al. used DNA microarrays to compre-
hensively estimate relative mRNA levels of all yeast genes
at 18 time points across the cell cycle [26]. They found that
RNR1 mRNA levels reached two relative maximums, a
first at about 21 min after synchronization, and a second
at about 77 min [26]. This finding is consistent with our
observation that nuclear protein at this particular site
reaches a maximum at about 15 min. We do not see a sig-
nificant enhancement in nuclear protein binding at 77 min.
Probably other cis-regulatory elements in the RNR1 pro-
moter regulate the mRNA expression levels at 77 min.
Kinetic constants

The dynamic data collected by the surface plasmon res-
onance sensor allows one to estimate kinetic binding
parameters. While, these measurements are limited by mass
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Fig. 4. The top compares the response due to mass transport with that
measured due to nuclear protein binding as measured at the 45 min time
point. The bottom compares the best fit of Eq. (1), with an apparent
association constant of 0.014 s�1 to the data. Deviations from the
equation are probably due to mass transport effects.
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transport effects, we can still place limits on kinetic binding
parameters. We used a model for the association phase [17]

R ¼ Rs � ðRs � RoÞe�kAðt�toÞ; ð1Þ
where R is the response of the sensor, Rs the response at
steady state, Ro the initial response, and kA, is the apparent
association constant, which is related to the true associa-
tion constant by the relation kA = kAC � kd, where C is
the concentration of protein. Since we are working with
nuclear lysate, rather than purified protein, C cannot be
uniquely identified and the true association constant, kA,
cannot be measured. However we estimate that
kA = 0.014 s�1 (see Fig. 4).

Conclusion

In conclusion, this demonstrates that surface plasmon
resonance sensors are capable of dynamic monitoring of
cis-regulatory elements and that apparent association rates
can be estimated from this data.
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