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Abstract

The cytochromes P450 are an important class of mono-oxygenases involved in xenobiotic metabolism and
steroid biosynthesis in a diverse set of life forms. Discovery of CYP-119, a P450 from the archea Sulfolobus
solfataricus has provided a means for understanding nature’s method of stabilizing this important protein
superfamily. To identify classes of stabilizing interactions used by CYP-119, we have generated a random-
ized library of point mutants and screened for mutants that are less thermostable than the wild type by
monitoring the characteristic Soret band in the visible region of the cell lysis. The selected mutants were
characterized by differential scanning calorimetry to compare the temperatures of the melting transitions of
the various mutants. The identified mutations suggested that electrostatic interactions involving salt links
and charge–charge interactions, as well as contributions from other interactions such as aromatic stacking,
and side chain volume of hydrophobic residues contribute to enhanced thermostability in this cytochrome
P450.
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As the number of proteins isolated from organisms that
grow at extreme temperatures increases, more is being un-
derstood about the properties of these proteins, which ac-
count for their inherent stability. Although protein stability
has been the subject of numerous studies for several decades
(Privalov 1979; Pace et al. 1996; Robertson and Murphy
1997), detailed examination of these naturally thermostable
proteins provides insight on the mechanisms that nature has
used to stabilize proteins in such extreme environments
(Cowan 1995; Jaenicke 1998). A better understanding of
these mechanisms could lead to important applications in
biotechnology, where stability at high temperatures is ad-
vantageous (Zeikus et al. 1998).

For many years, investigators have been searching for a
universal mechanism of protein stability that can be applied

to any protein. Instead, emerging is the idea that there is not
one general mechanism that can be applied to every protein,
but rather a set of molecular mechanisms that play a role in
conveying stability and are used in various combinations to
increase stability in a particular protein (Vieille and Zeikus
1996; Lee and Vasmatzis 1997; Jaenicke and Bohm 1998).
This set of mechanisms include increased hydrogen bond-
ing, ionic stabilization of �-helixes, tighter packing of the
protein core, increased number of salt links and salt-link
networks, increased number of disulfide bonds, decreased
conformational entropy of the unfolded state, and increased
aromatic stacking interactions.

Several approaches have been taken to uncover these in-
teractions responsible for stabilizing proteins at high tem-
peratures. One approach, which has provided a substantial
amount of information, is structural comparison of a protein
family where a solved structure (X-ray or NMR) of both a
mesophile and a thermophile exists (Tanner et al. 1996;
Auerbach et al. 1998; Maes et al. 1999). Especially in cases
with several protein structures of varying thermostability,
structural trends are recognized corresponding to increasing
stability of the proteins. However, this technique has some
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limitations to its general application. The first is the require-
ment of a solved structure of at least one mesophile and one
thermophile in the protein class of interest. This greatly
limits the current number of proteins for which structural
analysis can be used. Even more significant is the degree of
homology the members of the protein class have for each
other. If the members of a protein family are not highly
homologous, it is difficult to discern, even with structures,
the specific differences attributed to the stability of the pro-
tein. The enzyme superfamily cytochrome P450 falls into
this category.

Cytochrome P450 is a ubiquitous enzyme superfamily
found throughout nature with >800 known members (Nel-
son 1999). These enzymes contain a heme prosthetic group
that binds molecular oxygen and catalyzes a wide variety of
regio and stereo-specific oxidations of organic substrates.
Many of these reactions are difficult to achieve synthetically
and produce products with great medical and industrial im-
portance. For example, there are several P450s involved in
the synthesis of the antibiotic erythromycin, including CYP-
107A1 and CYP-107B1 (Shafiee and Hutchinson 1987;
Andersen and Hutchinson 1992).

Erythromycin is commonly produced by fermentation of
the bacteria Saccharopolyspora erythraea, the source of
CYP-107A1 and CYP-107B1. However, if the enzymes re-
sponsible for the biosynthesis of erythromycin were modi-
fied to have greater stability and enhanced turnover rates,
the same level of production could be obtained at reduced
costs and time. This is just one of several applications that
would greatly benefit the development of enhanced P450s.
Thus, it would be useful to develop a modified cytochrome
P450 system with improved physical parameters, such as
stability and turnover rate.

Recently, the first known thermostable P450 (CYP-119)
from the archea, Sulfolobus solfataricus was isolated and
characterized (McLean et al. 1998). Initial characterization
revealed that this P450 had a melting temperature ∼40°C
higher than the mesophilic P450s (Uvarov et al. 1980; An-
zenbacher et al. 1982; Pfeil et al. 1993). However, there was
little information pertaining to the interactions responsible
for this extreme stability.

Initial attempts to understand the molecular interactions
giving rise to the thermostability were through the construc-
tion of homology models of CYP-119 (McLean et al. 1998;
Chang and Loew 2000). The models indicated that in-
creased aromatic stacking interactions and salt links might
be important for stabilizing the protein. However, prediction
of detailed interactions based on these models is difficult
because of the low homology between P450s, often result-
ing in inaccuracies in the structure.

The crystal structure of CYP-119 was solved indepen-
dently in two different laboratories (Yano et al. 2000; S.-Y.
Park, K. Yamane, S.-i. Adachi, Y. Shiro, S.A. Maves, K.E.
Weiss, and S.G. Sligar, in prep.). Structural comparison of

CYP-119 with the five available mesophilic P450 structures
indicated increased aromatic stacking interactions and in-
creased salt-link networks as important contributors to the
enhanced stability, similar to the predictions made from the
homology models. However, the low homology between
P450s and the existence of only one thermophilic structure
makes these comparisons difficult. Because identity is low
between the P450s, significant differences that contribute to
thermostability as opposed to substrate specificity or redox
partner recognition are difficult to recognize. Therefore, ex-
perimental evidence of interactions contributing to thermo-
stability would help to confirm the interactions identified by
structural analysis as well as identify additional interactions.

To identify an unbiased representation of stabilizing in-
teractions, we chose an approach that does not require prior
knowledge of the residues responsible for conveying stabil-
ity, but rather allows the discovery of these residues based
only on the selected phenotype. By screening a randomized
library of CYP-119, we were able to extract those mutants
that are less thermostable than wild type, thus revealing the
type of interactions contributing to stability in CYP-119.
Although this approach has typically been used to direct
proteins toward a new desired function (Shao and Arnold
1996; Harris and Craik 1998; Arnold and Volkov 1999;
Steipe 1999), it can also be used to look for mutations that
disrupt the desired phenotype engineered by nature as a
means for understanding these interactions. In this sense, we
are able to use the information from the naturally thermo-
stable P450 as a basis for engineering thermostability into
other P450s instead of individually screening each P450 of
interest for increased thermostability.

Results

The random library of CYP-119 was screened for mutants
that were less thermostable than the wild type, thus isolating
residues important for conveying the stability of the protein.
This was accomplished in a 96-well format assay in which
clones were grown and lysed in the plates and then optically
screened for the presence of the low spin ferric P450 Soret
at both low and high temperatures.

Those mutants that displayed the Soret band at the low
temperature, but not at the high temperature, were selected
as positive mutants and isolated for further characterization.
From the first 3000 colonies screened in this manner, 13
were identified as less stable by this optical screen.

The sequences of the 13 identified mutants revealed 5
single mutants, 1 double mutant, 2 triple mutants, 3 qua-
druple mutants, and 2 insertion/deletion mutants.

From the 11 noninsertion/deletion mutations, there were
13 charged residues, 6 polar, and 6 hydrophobic residues
mutated. The mutants were mapped onto the structure of
CYP-119 (S.-Y. Park, K. Yamane, S.-i. Adachi, Y. Shiro,
S.A. Maves, K.E. Weiss, and S.G. Sligar, in prep.) as shown
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in Figure 1. From the structure, it is clear that the mutants
are dispersed throughout the structure and not localized to
one particular region. It is interesting to note that the ma-
jority of the mutants were found in solvent-accessible re-
gions of the protein as opposed to buried residues in the core
of the protein. Each of the selected mutants were expressed
in Escherichia coli and purified to homogeneity for further
characterization.

Initial characterization of the stability of these mutants
was accomplished using differential scanning calorimetry
to determine the thermodynamic stability of each of the
mutants. However, to compare accurately mutant proteins,
it was necessary to develop conditions for which the pro-
tein would be in equilibrium during the calorimetric scan.
The thermal denaturation of wild-type CYP-119 was deter-
mined to be irreversible and scan rate dependent, as has
been previously observed in the cytochrome P450s (Pfeil

et al. 1993). Figure 2a shows the dependence of the Tm

on the scan rate for wild type CYP 119 at pH 6.2. This
dependence was thought to be due to formation of an ag-
gregation state during unfolding as a result of the hydro-
phobic core of the protein, as observed in other heme pro-
teins. This aggregation state is not an equilibrium state, but
rather a kinetically controlled state, therefore, that is depen-
dent on the scanning rate (Relkin 1994; Shnyrov et al.
1997).

There has been some recent success fitting these nonequi-
librium scans with a kinetic model (Sanchez-Ruiz et al.
1988; Sanchez-Ruiz 1992; Milardi et al. 1996, 1998). How-
ever, another method that has been used to analyze these
systems is determining conditions in which the system is no
longer scan rate dependent such as altering the pH, the ionic
strength, or adding small amounts of chemical denaturant
(Relkin 1994; Davoodi et al. 1998). By adding chemical

Fig. 1. Homology model of CYP-119 (McLean et al. 1998) with residues that were identified from the screened library displayed.
Charged residues are colored yellow, polar residues, green, and hydrophobic residues are purple. Listed are the 13 clones isolated from
the screen with the mutations found in each clone.
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denaturant to the buffer conditions, the production of the
proposed aggregate intermediate can be inhibited, therefore,
bringing the system into equilibrium. Under these condi-

tions, standard thermodynamic equations can be used to fit
the differential scanning calorimetry (DSC) traces to deter-
mine melting temperatures and related thermodynamic pa-
rameters.

The scan rate dependence of CYP-119 was investigated
using both guanidine hydrochloride and urea as cosolutes.
The effect of these cosolutes on the protein was first deter-
mined optically by monitoring the spectra of reduced CO
bound minus oxidized CYP-119 which gives the identifying
Soret at 450 nm for cytochrome P450s. Shown in Figure 3
are the titrations of guanidine and urea on these spectra.
From these titrations it was determined that CYP-119 is
more stable to urea than guanidine. This was further vali-
dated by the 3-degree decrease in the peak maxima of a
DSC scan in the presence of 1 M guanidine. This was not
the case when urea was added to the solution. As shown in
Figure 2b,c, the Tm was dependent on scan rate in the pres-
ence of 1 M urea, but became independent in 2 M urea. The
perturbation of the native structure of CYP-119 by urea was
checked by circular dichroism in the near UV in the pres-
ence and absence of 2 M urea. The percent �-helix for

Fig. 2. Calorimetric scan rate dependence of CYP-119. Differential scan-
ning calorimetry thermograms (baseline subtracted) of CYP-119 in 100
mM potassium phosphate at pH 6.2 (a), 100 mM potassium phosphate at
pH 6.2 and 1 M urea (b), and 100 mM potassium phosphate at pH 6.2 and
2 M urea (c). The solid line was taken with a scan rate of 80°C/h, the dotted
line at 60°C/h, and the dashed line at 40°C/h. The inset shows the plot of
the melting transition versus the scan rate for melting transitions one and
two.

Fig. 3. The spectral titrations of urea from 0 to 8 M (a) and guanidine-HCl
from 0 to 6 M (b) on reduced CO-bound CYP-119 in 50 mM potassium
phosphate at pH 6.2. The spectra are difference spectra of ferrous carbon
monoxide-bound CYP-119 minus ferric CYP-119.
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CYP-119 with and without 2 M urea present was 44% cal-
culated from the molar ellipticity at 222 nm.

The DSC thermograms all fit best to a nontwo-state
model with two peaks using standard equilibrium equations
(Freire 1994). The presence of two melting transitions was
apparent from the asymmetric shape of the curve both with
and without urea present. The curves are skewed toward the
lower temperature and fit to two peaks with Tm for the wild
type of 91.9° and 89.3°C in the presence of urea. The two
peaks are about 60% and 40% of the total, respectively. The
presence of multiple melting transitions has been previously
noted for other P450s and attributed to multiple domains
(Anzenbacher et al. 1982; Pfeil et al. 1993). However, de-
finable domains are not obvious in the known structures of
cytochrome P450s or in the model of CYP-119, therefore,
the physical assignment of the two melting transitions is not
obvious.

Using the equilibrium conditions determined for wild-
type CYP-119, the isolated mutants from the screen were
characterized by DSC to determine changes in the thermal
stability of the protein. Table 1 lists the midpoint tempera-
ture of the first and second transitions (Tm1 and Tm2) for
each mutant. The mutants decreased the calorimetric melt-
ing transition by as much as 10°C compared to wild type.

Discussion

Recent literature reveals that a large number of mechanisms
have been used throughout nature to increase stability of
proteins rather than one universal mechanism to stabilize all
proteins (Vieille and Zeikus 1996; Jaenicke and Bohm
1998). Nevertheless, within a protein family trends have
emerged where one or a couple of specific types of inter-
actions have been used to optimize the stability of that pro-
tein family. This is best exemplified in cases where there are
multiple structures in a highly homologous protein family,
each with increasing thermal stabilities that show the pro-

gression of the optimized interactions, such as in the D-glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) family
(Tanner et al. 1996). In this family, comparison of five
structures, with optimal temperatures ranging from 20° to
80°C, showed a correlation between increasing number of
hydrogen bonds and salt links and the optimal temperatures,
whereas other properties were not correlated. Such ex-
amples suggest that particular protein classes may favor
certain types of interactions to increase stability. Using this
rationale, it should be possible to engineer stability into any
member of that protein family, once the fundamental
mechanisms for increasing stability in that family are well
understood.

The identification of a thermostable P450 provides the
opportunity for determining classes of interactions that con-
tribute to stabilizing cytochromes P450. However, with only
one thermostable P450 known and very low sequence ho-
mology between the members of this superfamily, it re-
mains difficult to discern the contributions to thermostabil-
ity based on structural comparison alone. Thus, we used a
randomized CYP-119 library to identify residues that may
contribute to thermal stabilization. Clearly, this was not
comprehensive in identifying every residue in CYP-119
contributing to thermostability, as a much larger number of
mutant colonies would need to be screened to cover the
sequence space. However, this initial set provides a starting
point for understanding the type of interactions that may be
important in cytochrome P450 stabilization.

The 13 clones with decreased stability had one to four
point mutations per clone, with two clones resulting from an
insertion or deletion. Both the insertion and deletion muta-
tions are at the amino terminus of the protein. The insertion
mutation resulted from the addition of 10 residues (IRIP-
FQENNK) between the first and second amino acid, which
probably occurred from the DNA shuffling.

The deletion mutant arose because of a mutation to the
start codon that caused an alternate start codon to be used,
at what would normally be M8 in CYP-119. The addition or
deletion of residues at the amino terminus most likely de-
stabilize the protein by adding residues that may not fold
into a well-defined structure or deleting the majority of the
first helix. Therefore, these residues will not be discussed
further.

The point mutations were found dispersed throughout the
structure, suggesting that there is not a localized region
conferring the stability. However, a majority of the muta-
tions were found near the surface of the protein as opposed
to the buried core. This seemed somewhat surprising as a
large number of mutations that disrupt the packing of the
hydrophobic core were expected. However, previous stud-
ies, which enhanced the thermostability of proteins through
directed evolution, have also shown that most of the stabi-
lizing interactions were found on the surface of the protein
(Hoseki et al. 1999; Zhao and Arnold 1999).

Table 1. DSC melting transition temperatures of wild-type CYP
119 and selected mutants

Mutation Tm1 (°C) Tm2 (°C)

Wt 91.9 89.3
K176R, I329M 91.2 87.3
D52V, D72H
E273G, K348R 90.4 88.1
I272V, N367R, E368I 89.3 86.1
E114D 88.1 84.2
R80G 87.3 84.7
R259K 86.0 83.5
S40C, T67A, V118L 86.6 83.9
R235G, I282V
I299V, E352K 84.5 80.8
G313E 83.4 79.8
F24S 81.7 75.3
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Further analysis of the type of mutations identified re-
veals trends that may indicate the types of interactions used
by cytochrome P450 for thermal stability.

Of the 25 point mutations, 13 of the identified mutations
were changes of charged residues. Most of the charged resi-
dues indicated from our screen appear to either participate
in a salt link or are located in a region with several charged
residues. This suggests that individual salt links as well as
optimization of overall charge–charge interactions, as seen
in other proteins (Ibarra-Molero et al. 1999; Loladze et al.
1999; Rhode and Martin 1999; Spector et al. 2000; Strop
and Mayo 2000), may play a role in stabilization of cyto-
chrome P450.

Two single point mutants of charged residues retained the
positive (R259K) or negative (E114D) charge, but the mid-
point of the thermal transition decreased by 5.9° and 3.8°C,
respectively. Both residues participate in salt links; there-
fore, the decrease in stability may be attributable to the
weakening or breaking of this ionic interaction by the
change in length of the side chain. R259 forms a salt link
with the propionate group of the heme and thus, may play a
role in both stability of the protein as well as stabilizing the
heme group. Residue E114 participates in a salt-link net-
work consisting of three residues, E114, R363, and E342.
Interestingly, this salt-link network connects three different
�-sheets—�3–1, �3–2, and �3–3—thus, stabilizing the
structure by holding secondary structural elements together,
which are not close in primary sequence. Although indi-
vidual analogous salt links are present in some cases in the
other P450s with known structure, the entire network is
unique to CYP-119. This type of salt-link network appear-
ing only in the thermophile, but not the mesophiles, has also
been indicated to contribute to thermostability in the
GAPDH family (Tanner et al. 1996).

From all of the mutants isolated, there was only one
mutation to an aromatic residue. Clusters of aromatic resi-
dues participating in stacking interactions along one side of
the molecule were proposed based on structural analysis to
contribute to the stabilization of the protein (Yano et al.
2000; S.-Y. Park, K. Yamane, S.-i. Adachi, Y. Shiro, S.A.
Maves, K.E. Weiss, and S.G. Sligar, in prep.). The one
mutation of an aromatic residue was F24S, which is located
in the �1–2 sheet and is part of the large cluster of aromatic
residues observed in the structure. The melting transition of
this mutant was decreased by 10.2°C from the wild type;
however, this large decrease in stability is probably attrib-
utable to a combination of the disruption of the aromatic
cluster as well as the replacement of a bulky hydrophobic
group with a small polar group.

Other than the one aromatic residue, the rest of the hy-
drophobic residues isolated from the screen were all mu-
tated to other hydrophobic groups and accompanied by one
or more additional mutations in the clone in which they
were found. Although the small changes in side chain vol-

ume (Ile to Val, Val to Leu, and Ile to Met) may have some
affect on the stability of the protein, we do not see a strong
indication of hydrophobic packing contributing to the in-
creased stability of CYP-119.

Understanding the types of interactions contributing to
the enhanced stability of CYP-119 provides a starting point
for engineering other P450s for biotechnology application.
The mutations isolated from this screen support suggestions
made based on structural analysis for molecular interactions
contributing to stability. These include charged residues
participating in both salt links as well as optimization of
charge–charge interactions and aromatic clusters. In addi-
tion, cumulative effects of small changes in the side chain
volume of hydrophobic residues may contribute to the sta-
bility of the protein. Clearly, a larger library would need to
be screened to isolate enough mutants to be able to deter-
mine statistically all of the interactions contributing to sta-
bility. However, the mutants isolated in this work provide
experimental evidence that corresponds with the some of
the interactions suggested from the structure, providing rea-
sonable targets for engineering stability into other cyto-
chrome P450s.

Materials and methods

Library formation

The plasmid pKS119, encoding the gene for CYP-119 (McLean et
al. 1998), was transformed through the random mutator strain
XL1-Red (Stratagene) five times to generate the initial library
containing random point mutants. Further randomization of the
gene was carried out using DNA shuffling techniques (Stemmer
1994a,b) and the random primer recombination method (Shao et
al. 1998). Briefly, the initial randomized CYP-119 genes were
excised using the PvuII restriction sites, which are found on each
side of the gene outside the multiple cloning region of the plasmid.
This was then used for the template of a polymerase reaction using
a 100-fold excess of random 6-mer primers (Sigma) and Klenow
large fragment polymerase. The fragments of DNA between 50
and 200 bp were then isolated using Microcon spin columns with
molecular cutoff masses of 10,000 and 100,000 (Amicon) to re-
move the large template and small primers. These small fragments
were then used as the templates of standard DNA shuffling reac-
tions. After the shuffling reaction the resulting 1200-bp product,
produced by amplification with the universal forward and reverse
primers, which anneal to the plasmid just outside the multiple
cloning region, was digested with EcoRI and BamHI, cloned into
puc19, and transformed into DH5� E. coli strain to be used for
screening.

Screening the library

Individual colonies of the randomized CYP-119 library were in-
oculated into 96-well microplates (2-mL volume) containing 1.2
mL of 2× YT media per well and grown with shaking at 800 rpm
at 30°C for 22 h. Because of the variation in oxygen concentration,
the rate of shaking was found to be very important for the level of
protein expression. Replica plates were made, and then the micro-
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plates were centrifuged and the bacteria lysed using 200 �L of
B-Per reagent (Pierce). The lysate was heated at 55°C for 20 min
and then pelleted for 30 min at 4000 rpm to remove the precipi-
tated protein. Absorbance spectra of the lysate were taken with the
SpectraMax Plus Microplate reader (Molecular Devices) scanning
from 350–500 nm. Two wells in every plate were inoculated with
cells containing only vector, which were used as a blank to subtract
off the high background of the lysate. The background appeared
very consistent from well to well and plate to plate. The samples
were then heated at 75°C for 20 min, pelleted, and the absorbance
spectra read again. Those wells that contained spectra displaying a
peak around 416 nm after heating to 55°C, but not after 75°C were
selected as potential mutants with decreased thermostability.

Clones of the identified mutants were sequenced by the auto-
mated fluorescence-labeled dideoxy chain termination method at
the University of Illinois Biotechnology Center.

Protein purification

Selected mutants and wild-type CYP-119 were expressed and pu-
rified as previously described (McLean et al. 1998) with the fol-
lowing changes for the mutants. The heat step previously executed
at 75°C was reduced to 55°C for 20 min because of the decreased
stability of the mutants. The lower temperature did not precipitate
near the amount of unwanted proteins from solution as the wild-
type protocol; therefore, an additional column was necessary for
purification of the mutants. After the ammonium sulfate cut was
carried out as previously described, the protein sample was loaded
onto a Whatman DE-52 column equilibrated in 30 mM KPi at pH
7.2 and eluted with a gradient of 30–100 mM KPi at pH 7.2. The
fractions containing the greatest A415–A280 ratio were pooled and
the pooled fractions were further purified with a Bio-Rad P-100
column and a Waters DEAE HPLC column as previously de-
scribed.

The protein concentrations were determined from the spectra of
reduced CO bound minus oxidized protein using the previously
determined extinction coefficient of �450–490 � 91 mM−1 (McLean
et al. 1998). The protein was reduced with an excess of dithionite
in a CO-saturated 50 mM KPi buffer at pH 6.2. All spectra were
taken on a Hitachi U3300 spectrophotometer with a spectral band-
pass of 1 nm.

Differential scanning calorimetry

The scanning calorimetry was performed on the MCS DSC unit
from Microcal (Northhampton, MA). Initial scans of the wild-type
CYP-119 were performed in 100 mM KPi at pH 6.2 with protein
concentrations between 30 and 100 �M and scan rates between
20° and 80°C /h. To determine the conditions at which the system
was independent of scan rate, scans were repeated with the addi-
tion of 1 M guanidine, 1 M urea, or 2 M urea. All of the mutants
were prepared in buffers containing 100 mM KPi at pH 6.2, 2 M
urea, and 30 �M protein and scanned with a rate of 60°C/h.

The dependence of molar heat capacity on temperature was
analyzed using the ORIGIN software (Microcal Ltd.). First, the
data were fit to a chemical baseline that was then subtracted from
the experimental data to remove any effects from changes in the
molar heat capacity before and after the transition. The data were
fit into several models including a two-state transition with one or
two peaks and a non-two-state transition with one or two peaks.
All of the experimental data including all of the mutants fit best to
a non-two-state model with two transitions.

The difference between the two-state model and the non-two-
state model is the addition of the van’t Hoff heat parameter in the
second model, because in the simplified two-state model the calo-
rimetric heat and the van’t Hoff heat are equal.

The midpoint of each transition (Tm) was determined from the
fit for each of the mutants.

Circular dichroism

The circular dichroism spectra were taken on a Jasco J-720 Spec-
tropolarimeter with a 0.1-cm pathlength in 10 mM Kpi buffer at
pH 6.2, 4 �M protein, and either 1 M guanidine hydrochloride or
2 M urea.
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