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properties of transcription2,6 (Supplementary Note 4). To vali-
date these methods, we first used simulations (Supplementary 
Note 5). For transcription sites smaller than the optical resolution, 
all methods yielded accurate estimates. However, for larger tran-
scription sites, the simple methods led to gross underestimates, 
whereas FISH-quant gave accurate results (Fig. 1e). For elongated 
transcription sites, only the PSF superposition approach worked 
reliably. For experimental validation, we used an artificial report-
er with transcription sites frequently exceeding the resolution. 
An RNase protection assay provided a rough, but independent, 
estimate of the ratio of mature versus nascent mRNA. The assay 
yielded ratios in the same range as the FISH-based quantifica-
tions, confirming their general validity (Supplementary Note 6 
and Supplementary Methods). For a more accurate assessment of 
simple methods and FISH-quant, we then compared the nascent 
transcript counts. Much as for the large simulated transcription 
sites, the simple methods led to underestimated counts (Fig. 1f). 
Thus, FISH-quant accurately quantified nascent mRNA even 
when simple approaches did not. Finally, we used FISH-quant to 
analyze ̀ -actin mRNA after serum induction and measured more 
than twice the amount of nascent mRNA than we did with simple 
methods, which illustrates the importance of accurate quantifi-
cation even for endogenous genes (Supplementary Note 6 and 
Supplementary Methods). FISH-quant could also be applied to 
other structures with a dense accumulation of mRNA, such as 
processing (P)-bodies or stress granules.

FISH-quant is controlled via graphical user interfaces in Matlab 
and requires no computational expertise. A batch mode allows 
users to automatically process multiple images. FISH-quant is 
available at http://code.google.com/p/fish-quant/ with a detailed 
manual and test data.

Note: Supplementary information is available at http://dx.doi.org/10.1038/
nmeth.2406.
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Protein instability following transport 
or storage on dry ice
To the Editor: It is common practice to place protein solutions on 
dry ice for storage or transport, but this may lead to an unrecog-
nized problem. A series of assay failures after short-term storage 
of antibody solutions on dry ice led to our observation that the 
pH of the thawed solutions was between 5.5 and 6.0 even though 
they had been formulated at pH 7.2. We hypothesized that expo-
sure of the solutions to CO2 caused the formation of carbonic acid, 
resulting in protein damage from the pH drop. Protein properties 
affected by pH include tertiary and quaternary structure, enzy-
matic rate constants, solubility, tendency to aggregate, susceptibil-
ity to chemical degradation and propensity to adsorb to surfaces1. 
We therefore examined possible interactions between dry ice and 
sealed frozen protein solutions.

We evaluated four types of cryogenic vials, three types of 
conical tubes, two types of glass vials and one type of microtube 
(Supplementary Methods). Vessels containing a buffered pH indi-
cator solution were placed on dry ice or into a –70 °C freezer for 
48 h. Upon thawing, most samples placed on dry ice experienced 
a substantial decrease in pH (Supplementary Table 1), and no 
container closure system consistently prevented acidification. pH 
changes were not observed in –70 °C freezer controls.

Sample acidification appears to result from two distinct events. 
First, CO2 enters the container’s headspace but is unreactive, 
having negligible solubility in ice. If we vented headspace before 
sample thawing, no acidification was observed (Fig. 1a). Also, 
placing samples into a –70 °C freezer for 96 h allowed the CO2 
to dissipate, after which no acidification was observed. The sec-
ond event occurs if the sample is thawed while CO2 is still in the 
headspace. Acidification was seen to originate at the liquid-gas 
interface and expand through the sample as it warmed (Fig. 1b 
and Supplementary Video 1).

We calculated pH as a function of headspace CO2 for 1.5-ml 
microtubes containing Tris buffer (Fig. 1c). Predicted drops in pH 
ranged from 1.5 to 2.7 pH units depending on the starting pH 
and sample volume. Calculations for other buffer systems such as 
phosphate-buffered saline produced similar results.

Proteins generally exhibit low solubility near their isoelectric 
point (pI). Therefore, acidic proteins have an increased tendency 
to aggregate or precipitate as pH falls below physiological levels. As 
a model, we formulated ̀ -lactoglobulin (pI 5.2) in citrate or phos-
phate buffers between pH 4.8 and 7.3. Aggregation index measure-
ments (Supplementary Methods) were not substantially different 
at 2, 5 and 24 h post-formulation for solutions between pH 5.8 and 
7.3, but aggregation index values increased with decreasing pH 
and increasing time below pH 5.8 (Fig. 1d). Stressing the samples 
by vortexing caused a marked increase in aggregation index values 
below, but not at or above pH 5.8.

We further examined the acidic protein carbonic anhydrase (pI 5.9)  
and the basic protein lysozyme (pI 9.3), each in 10 mM Tris,  
pH 7.3, or 10 mM phosphate, pH 7.3. Exposure to dry ice for 48 h 
before thawing resulted in substantial acidification of all solutions. 
Aggregation index values increased substantially for the acidic but 
not the basic proteins (Supplementary Table 2). Returning the 
samples to a –70 °C freezer for 96 h before thawing prevented the 
pH drop and increase in aggregation index value.
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We examined possible preventative measures (data not shown). 
Wrapping vials with Parafilm had no measurable benefit. Placing 
vials inside laminated aluminized Mylar zip seal bags provided some 
protection, but the results were inconsistent. Heat-sealing sample 
vials in laminated aluminized Mylar bags did appear to prevent 
acidification. Also, as shown above, if temperatures remained below  
–40 °C, CO2 did not interact with the sample. Thus, decreased pH 
and increased aggregation index values are most reliably prevented 
by venting the headspace or allowing samples to sit in a –70 °C freez-
er for 96 h before thawing.

However frequent, damage to proteins placed on dry ice may be 
overlooked because it is impractical to measure the aggregation or 
pH of the small-volume samples common in biochemical research. 
Moreover, the factors described above—container size, sample 
volume, buffer type, protein pI and time elapsed since transport—
combine to create sporadic and inconsistent shifts in sample pH. 
It is important to keep this phenomenon in mind and take simple 
precautionary steps when using dry ice so as to ensure consistent 
protein quality across experiments.
Note: Supplementary information is available at http://dx.doi.org/10.1038/
nmeth.2409.
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Although changes in pH can affect a variety of protein proper-
ties, we examined only protein solution stability. The commonly 
used aggregation index does not discriminate between pH-
mediated protein precipitation and pH-mediated aggregation 
resulting from protein damage. Often, protein aggregate growth 
does not proceed to precipitation2,3. Soluble (nonprecipitating) 
aggregates can behave differently from nonaggregated proteins 
with respect to specific activity, availability of epitopes and reac-
tive sites, biodistribution, half-life and immunogenicity4.

It is conceivable that CO2 leaks through nonintegral seals or 
diffuses through container materials. However, even for the more 
CO2-permeable materials (that is, polypropylene and silicone 
rubber), the diffusion constants and low temperatures would not 
result in diffusion rates high enough to cause the observations 
in this study. Therefore, poor seal integrity at ultralow tempera-
tures is the likely explanation. Also, large variations observed 
with some containers (Supplementary Table 1) are consistent 
with seal failure but not diffusion.
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Figure 1 | Effect of dry ice on pH and aggregation index. (a,b) Cryogenic 
vials containing a Tris-buffered colorimetric pH indicator solution were 
placed into a –70 °C freezer for 48 h and then onto dry ice for 48 h. 
Removing the cap just before thawing (a; left) or, alternatively, returning 
the vials to a –70 °C freezer for 96 h (a; right) prevented acidification. 
Otherwise, upon thawing, acidification was seen as a color shift from yellow 
to red originating at the sample-headspace interface (b; Supplementary 
Video 1). (c) Theoretical predictions of pH versus headspace CO2 for samples 
in 1.5-ml microtubes. Calculations were for unbuffered samples or for 10 
mM Tris at indicated volumes and pH. Atmospheric CO2 concentration, 0.5 
µg ml–1, and that inside a dry-ice shipper, 2,700 µg ml–1, are indicated (i 
and iv, respectively). Between 1% and 10% of the CO2 concentration inside 
a dry-ice shipper (ii and iii), samples are predicted to begin experiencing 
acidification. (d) Aggregation index value measured for `-lactoglobulin 
solutions formulated at pH values from 4.8 through 7.3. Rested samples 
were gently inverted immediately before measurement. Vortexed samples 
were vortexed twice for 3 s before the 2-h reading and gently inverted 
immediately before the 5- and 24-h readings.
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