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Picocalorimetry of Transcription by RNA Polymerase
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Thermal variations can exert dramatic effects on the rates of enzymes. The influence of temperature on
RNA polymerase is of particular interest because its transcriptional activity governs general levels of
gene expression, and may therefore exhibit pleiotropic effects in cells. Using a custom-modified optical
trapping apparatus, we used a tightly focused infrared laser to heat single molecules of E. coli RNA po-
lymerase while monitoring transcriptional activity. We found a significant change in rates of transcript
elongation with temperature, consistent with a large enthalpic barrier to the condensation reaction as-
sociated with RNA polymerization (~13 kcal/mol). In contrast, we found little change in either the fre-
quency or the lifetime of off-pathway, paused states, indicating that the energetic barrier to transcrip-
tional pausing is predominantly entropic.
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Bacteria such as E. coli are capable of growing in a
variety of chemical media and over a wide range of
ambient temperatures. At fixed temperature, the in-
crease in growth induced by a shift to a richer me-
dium is accompanied by changes in the concentra-
tions of nucleic acids and proteins (1), including an
increase in the cellular concentration of RNA poly-
merase (RNAP). However, if the composition of the
growth medium is maintained as the temperature is
raised, the resultant increase in growth rate does not
lead to detectable changes in the macromolecular
contents of the cell (2), provided that temperature
remains within the normal range (21-37 °C). Since
the increase is not accompanied by relative changes
in protein or RNA levels, the rates of expression of
these components must increase proportionally.

The synthesis of RNA by RNAP provides a uni-
versal checkpoint for gene expression in prokaryotic
cells. Transcription can be regulated both by con-
trolling initiation at promoter sites or by inducing
termination in elongating complexes. In the latter
case, transcriptional pausing has been shown to play
a central role in regulating termination by coordi-
nating the activity of RNAP with various transcrip-
tional cofactors and enzymes. Pausing was first ob-
served in gel-based measurements of RNAP (3), and
more recently in single-molecule measurements
(4,5). Temperature could act, in principle, by di-
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rectly altering rates of elongation or changing the
frequency of pausing, or both.

To explore the response of RNAP to temperature,
we characterized transcription at the single-molecule
level while controlling the thermal environment in
the immediate vicinity of the enzyme. Sin-
gle-molecule approaches are best suited for such a
study because they can determine elongation and
pausing rates independently, conferring an advan-
tage over biochemical approaches, where active
elongation rates are difficult extract in the presence
of pausing (4). We constructed a dual-beam optical
trap based on a 1064 nm laser, details of which have
been described (6). Control of the thermal microen-
vironment in the region of the two traps was
achieved by adjusting the temperature of the ex-
perimental room and thereafter modulating the in-
tensity of the near-infrared trapping light, which is
weakly absorbed by water in the buffer and con-
verted into heat. Temperature control based on ab-
sorption from a laser beam has been described pre-
viously (7-9) and is advantageous because it elimi-
nates the need for heating elements attached to the
apparatus, which can add noise. Mao and coworkers
(8) reported that laser heating can introduce un-
wanted convection currents under some circum-
stances, but this effect is negligible in our system,
given the thin depth of the sample chambers em-
ployed (~50 um). The use of localized heating pro-
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duced by a diffraction-limited laser focus over re-
gions of volume of order 10" L permits picocalo-
rimetric measurements on individual proteins.

The degree of heating produced by the laser can
be inferred sensitively by measuring the change in
viscosity of the aqueous buffer, which is strongly
temperature-dependent. The viscosity in the imme-
diate vicinity of the trapping centers was determined
by measuring the Brownian motion of an optically
trapped bead (8,9). Positional power spectra were
recorded for a bead held in a weak trap as the inten-
sity of a nearby, empty trap was modulated
(Fig. 1A). These spectra were fit to the Lorentzian
form:
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where a is the trap stiffness, r is the bead radius, and
1n(7) is the viscosity, whose temperature dependence
is well documented (10). Power spectral meas-
urements were repeated with a 700-nm diameter
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FIGURE 1 (A) Power spectra for a bead held in an opti-
cal trap measured while the intensity of a second,
nearby trap was modulated (laser intensities: 2.0 W,
red; 1.4 W, green; 0.7 W, blue; 0.3 W, black). (B) Tem-
peratures determined from fits to power spectra
(mean * s.e.), plotted as a function of laser intensity.
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bead held in the second trap. In both cases, tem-
perature increased linearly with the power directed
into the objective (Fig. 1B). The magnitude of heat-
ing with no bead in the second trap (4.1 + 0.5 K/W)
was indistinguishable from the heating observed
when the second trap held a 700-nm bead (3.6 +
0.2 K/W). We also found that heating was fairly uni-
form in the region of the traps, out to a distance of
several micrometers (data not shown), consistent
with earlier reports (7,8).

Using the calibration curve of Fig. 1B, we meas-
ured RNAP transcription rates in single molecule
assays at controlled temperatures within the normal
range. The transcription assay has been described
previously (6). The position of RNAP along a DNA
template derived from the rpoB gene (4) was digi-
tized at 2 kHz as the enzyme was held under a con-
trolled load of ~8 pN. Three representative records
are shown in Fig. 2A. Histograms of velocity were
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FIGURE 2 (A) Representative records of transcription
by RNAP molecules at various temperatures vs. time.
(B) Histograms of velocity derived from the traces in
(A), shown with fits to a sum of two Gaussians. (C) Plot
of RNAP velocity between pauses (mean * s.e.) as a
function of temperature, from (N = 113) records.
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generated from the derivatives of the records: these
display two clear peaks, well-fit by Gaussians
(Fig. 2B). The first is centered at zero and corre-
sponds to the pause state, while the second is cen-
tered at a positive velocity and represents the elon-
gation rate between pauses (4). A plot of 113 indi-
vidual records taken over a range of temperatures
(Fig. 2C) demonstrates that the elongation rate is
highly sensitive to temperature, increasing by a fac-
tor of more than two over the range studied.

Temperature might also affect the rate constants
associated with entry into or exit from off-pathway
pause states. To assess this possibility, we ran a
pause detection algorithm on individual records, as
described previously (4). Pauses were scored when-
ever the velocity (computed with a 2"-order Savit-
sky-Golay filter with a time constant of 2 s) fell be-
low a threshold. This algorithm detects pauses
longer than 1 s with >95% confidence. Prior work
has shown that long pauses (z>20s) occur infre-
quently, via a separate mechanism (6). The infre-
quency of long pauses made it impractical to gather
extensive statistics on these: we therefore restricted
our analysis to short pauses, which have a charac-
teristic time constant of ~3 s (4).

A simplified kinetic model for RNAP is presented
in Fig. 3A. The rate of forward elongation, £, is in
kinetic competition with the rate of entry into the
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FIGURE 3 (A) Simplified kinetic model for pausing;
Short pauses (bottom) branch off the main elongation
pathway (top); n denotes length of the transcript. (B-D)
van 't Hoff plots of mean velocity between pauses, rate
of entry into the paused state, and rate of escape from
the paused state, respectively.
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paused state, k,. The lifetime of a pause is deter-
mined by the rate of escape, k, We estimated £,
from records by dividing the number of pauses de-
tected by the total elongation time between the
pauses. The value of k., was estimated from the in-
verse mean pause lifetime. In Fig. 3B-D, the loga-
rithm of the rates of transcriptional elongation, pause
entry, and pause escape are plotted against inverse
temperature. According to transition state theory
(11), this relationship is supplied by the van ‘t Hoff
equation: In(k) = —(AH/kgT -AS/kg) + In(h/kgT),
where AH and AS represent the enthalpic and en-
tropic contributions to the rate-limiting transition
associated with transcription, respectively, kg is
Boltzmann’s constant, and % is Planck’s constant.
Fits to this relation revealed that the rate of elonga-
tion has a large enthalpic component (91+
11 pN-nm; 13 £ 2 kcal/mol). Interestingly, this value
corresponds closely to the enthalpic component
measured independently for overall E. coli growth
(92 pN'nm; 13 kcal/mol) (11). In contrast, the en-
thalpies associated with the rates of pause entry (6 +
11 pN'nm; 1+ 2kcal/mol) and escape (-11+
11 pN-nm; -2 £ 2 kcal/mol) are zero within experi-
mental error. These results suggest that short pauses
correspond to an entropic transition within the en-
zyme.

Experimentally, we found that rates of elongation
increased with temperature by the same relative
amounts as the general growth rates for E. coli. This
result may explain why no increase in cellular
RNAP enzyme levels is required for concomitant
increases in the growth rate with temperature, in
contrast to the higher RNAP levels associated with
increased growth at a fixed temperature in richer
media (1,11). As the elongation rate increases,
RNAP can cycle more quickly through an operon
and re-initiate at a new promoter. Therefore, pro-
teins will be produced more rapidly to keep pace
with the increased growth rate. In this fashion, tem-
perature exerts a global regulatory action via RNAP.

ACKNOWLEDGEMENTS

The authors thank Robert Landick for the gift of RNAP, and
Polly Fordyce and Anne Meyer for comments on the manu-
script. This work was supported by grants to SMB from the
NIH-NIGMS.

REFERENCES and FOOTNOTES

(1) Bremer, H. and P. P. Dennis. 1996. Modulation of the

chemical composition and other parameters of the cell
growth rate. In Escherichia coli and Salmonella: cellular

LO3



Biophysical Journal-Biophysical Letters

and molecular biology, 2nd ed. F. C. Neidhardt, R. Cur-
tiss, J. L. Ingraham, E. C. C. Lin, K. B. Low, B. Ma-
gasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and
H. E. Umbarger, editors. ASM Press. Washington, D.C.
1553-1569.

(2) Schaechter, M., O. Maaloe, and N. O. Kjeldgaard. 1958.
Dependency on medium and temperature of cell size and
chemical composition during balanced grown of Salmo-
nella typhimurium. J Gen Microbiol 19:592-606.

(3) Levin, J. R. and M. J. Chamberlin. 1987. Mapping and
characterization of transcriptional pause sites in the early
genetic region of bacteriophage T7. J Mol Biol 196:61-
84.

(4) Neuman, K. C., E. A. Abbondanzieri, R. Landick, J.
Gelles, and S. M. Block. 2003. Ubiquitous transcriptional
pausing is independent of RNA polymerase backtracking.
Cell 115:437-447.

(5) Adelman, K., A. La Porta, T. J. Santangelo, J. T. Lis, J.
W. Roberts, and M. D. Wang. 2002. Single molecule
analysis of RNA polymerase elongation reveals uniform
kinetic behavior. Proc Natl Acad Sci U S A 99:13538-
13543.

(6) Shaevitz, J. W., E. A. Abbondanzieri, R. Landick, and S.
M. Block. 2003. Backtracking by single RNA polymerase
molecules observed at near-base-pair resolution. Nature
426:684-687.

(7) Celliers, P. M. and J. Conia. 2000. Measurement of lo-
calized heating in the focus of an optical trap. Applied
Optics 39:3396-3407.

(8) Mao, H., J. R. Arias-Gonzalez, S. B. Smith, 1. Tinoco,
Jr., and C. Bustamante. 2005. Temperature control meth-
ods in a laser tweezers system. Biophys J 89:1308-1316.

(9) Peterman, E. J., F. Gittes, and C. F. Schmidt. 2003. La-
ser-induced heating in optical traps. Biophys J 84:1308-
1316.

(10) CRC Press. 1977. CRC handbook of chemistry and
physics. Boca Raton, FL: CRC Press.

(11) Ingraham, J. L. and A. G. Marr. 1996. Effect of Tem-
perature, Pressure, pH, and Osmotic Stress on Growth. In
Escherichia coli and Salmonella: cellular and molecular
biology, 2nd ed. F. C. Neidhardt, R. Curtiss, J. L. Ingra-
ham, E. C. C. Lin, K. B. Low, B. Magasanik, W. S.
Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger,
editors. ASM Press. Washington, D.C. 1570-1578.

Biophysical Journal-Biophysical Letters L04




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


