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(Milwaukee, WI), and the purity of these reagents was assessed by IH NMR andlor thin 

layer chromatography (TLC) prior to use. 

Spectroscopy and Protein Quantitation. Measurements of ultraviolet (UV) and 

visible absorption were made with a Cary Model 3 spectrophotometer from Varian (Sugar 

Land, TX). Protein concentrations were determined based on the wild-type value of eO.
1
% = 

0.72 at 277.5 run (Sela et ai., 1957). This relationship was assumed to be valid for all forms 

of K41C RNase A studied. The veracity of this assumption is supported by the fact that 

DTT treatment ofK4IC-NTB RNase A quantified in this manner yields a value of 1.0 ± 0.2 

equivalents ofNTB, as expected. 

K41C-NTB RNase A Mutation of the cDNA that codes for RNase A was made by 

the method of Kunkel (Kunkel et aI., 1987) using the oligonucleotide 

AAAGTGGTTAACTGGACAGCATCGATC. Mutant cDNA was expressed in E. coli 

strain BL21(DE3) under the control of the T7 RNA polymerase promoter. The reSUlting 

protein was purified as described previously (delCardayre et ai., 1995). After purification, 

the new sulfhydryl at position 41 was protected from inadvertent reaction by treatment with 

5,5'-dithio-bis(nitrobenzoic acid), (Ellman's reagent or DTNB). The reSUlting protein 

(K41C-NTB RNase A) was separated from any unprotected protein by cation exchange 

FPLC (MonoS column; Pharmacia, Piscatawy, NJ) using a linear gradient ofNaCI (0 - 200 

mM) in 50 mM HEPES-NaOH buffer, pH 7.7. The protected protein eluted from the 

column at -60 mM NaCI, and the unprotected K41 C protein eluted at -80 mM. The 

protected protein, as eluted, was stable for several months when stored at 4 °C. 

K41C-Cysteamine RNase A. The reaction between K41C-NTB protein and 

cysteamine was initiated by adding cysteamine.HCI (2 - 10 J.LL of a 0.010 M solution in 

0.10 M Tris-HCI buffer, pH 7.7) to one mL of 50 mM HEPES-NaOH buffer, pH 7.7, 
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containing K41C-NTB RNase A (0.3 - 0.7 mg/mL). The reaction mixture was incubated at 

room temperature, and its progress was monitored by following the increase in absorbance 

of visible light at 412 run, resulting from the release of the NTB group (e:412 = 14,500 M­

lcm-1
). Excess cysteamine and released nitrothiobenzoate were removed by subsequent 

dialysis. 

Poly(C) Cleavage Assay. Ribonucleolytic activity was assessed by using poly(C) 

as a substrate. Prior to assay, poly(C) was precipitated from aqueous ethanol (70% v/v), 

solubilized in assay buffer, and quantitated for total cytidyl concentration by absorbance at 

268 run [e: = 6200 M-1cm-1 (Yakovlev et al., 1992)]. Assays of poly(C) cleavage were 

performed at 25°C in 0.10 M MES-NaOH buffer, pH 6.0, containing NaCI (0.10 M). 

Cleavage ofpoly(C) was monitored by UV absorption at 250 run using ~e: = 2380 M-
1
cm-1 

(delCardayre & Raines, 1994). Concentrations ofpoly(C) in assays ranged from 0.02 mM 

to 1.2 mM, in terms of individual cytidyl units. Initial rates of cleavage were fit to the 

Michaelis-Menten equation using the program HYPERO (Cleland, 1979). 

Deactivation with DTT. Aqueous DTT was added to a solution of K41 C­

cysteamine (K41C-csa) RNase A in 50 mM HEPES-NaOH, pH 7.7. The protein solution 

had been dialyzed previously to remove any residual free cysteamine. The reaction was 

allowed to proceed at room temperature and aliquots were removed periodically to assay 

for poly(C) cleavage activity. 

Ribonuclease Protection Assay. Probe Creation. The MAXlscript In Vitro 

Transcription Kit (Ambion; Austin, TX) was used with the supplied linearized template, 

which encodes a 250-bp mouse J3-actin gene fragment. 32p was incorporated into the 

transcribed RNA by T7 RNA polymerase, using [a_32p]UTP (800 Cilmmol) in the 

transcription reaction, along with the recommended levels of the supplied non-radioactive 



117 

NTP's. Transcription was allowed to proceed for 55 min at 37°C. Template DNA was 

then digested with DNase I. The resulting RNA fragment was purified by removing small 

molecules via a Nick column (phannacia; Piscatatawy, NJ), and then by acrylamide gel 

electrophoresis. The RNA that eluted from the excised gel band exhibited 3500 cpm/J..1L. 

Hybridization. Whole mouse and whole yeast RNA samples (7 and 15 f.Lg, respectively) 

were co-precipitated with probe RNA (8 x 104 cpm) at -20°C using 2.5 volumes ofEtOH. 

Resuspension of the resulting pellet in 20 f.LL of the supplied buffer was followed by 

heating to 90°C, slow cooling to 44 °C, maintenance of this temperature overnight, and an 

additional 30 min incubation at 25°C immediately prior to the addition of ribonucleases. 

Digestion. After hybridization, unprotected RNA was digested either with the supplied 

ribonuclease cocktail (0.1 J..1g RNase A and 2 Ambion units RNase Tl per tube) or with 

K41C-csa RNase A (15 f.Lg per tube). Digestion took place in 0.20 mL of the supplied 

digestion buffer over 30 min at room temperature. Digestion was terminated in one of the 

following ways: addition of the solution supplied by Ambion, addition of DTT to a final 

concentration of 1 mM, or addition of DTT to 1 mM followed by a single 

phenol/chloroform extraction. Sample precipitation was either as specified by Ambion at 

-20°C or with 2.5 volumes of EtOH at 0 °C. Autoradiography. Precipitated samples were 

resuspended in 95% (v/v) formamide, heated to 90°C, and loaded in their entirety onto a 

denaturing (8 M urea) 5% (w/v) acrylamide gel. After running the gel until the 

bromophenol blue dye was % of the way to the bottom, the gel was transferred to a paper 

backing, dried, and exposed to x-ray film for 120 h. 

Synthesis of 2,4-Dinitrophenyl 3-Phosphopropyl Disulfide. 

p-Methoxybenzylmercaptan. p-Methoxybenzylmercaptan was prepared from p­

methoxybenzylchloride and thiourea. AI: 1 ratio of the reactants was refluxed under N2(g) 
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in acetonitrile 1 h, and then stirred for an additional 12 h. After 12 h, the reaction mixture 

was concentrated under reduced pressure to give a white solid. The solid was then 

dissolved in an aqueous solution of potassium carbonate and sodium bisulfite, and heated to 

80°C, in order to hydrolyze the amidine groups. The product was subsequently acidified, 

extracted into chloroform, dried over MgS04, and evaporated to give a slightly yellow oil. 

IH NMR (CDCh, ppm) 7.22-7.25 and 6.86-6.83 (two m, 2H each, -C~-), 3.79 (s, 3H, -

OCH3), 3.70 (d, J= 7.4 Hz, 2H, -CH2SH), 1.73 (t, J= 7.4 Hz, IH, -SH). 

Propane-3-o1 p-Methoxybenzyl Thioether (3). Equimolar amounts of p­

methoxybenzylmercaptan and 3-bromo-l-propanol in acetonitrile were stirred under N2(g) 

in the presence of potassium carbonate. The reaction was allowed to proceed, with stirring, 

overnight at room temperature. Compound 3 was isolated by silica chromatography, with 

I : 1 ethyl acetate:hexane as the mobile phase, and then evaporated under reduced pressure 

to give a colorless oil. IH NMR (CDCh, ppm) 7.21-7.26 and 6.84-6.87 (two m, 2H each, 

MeOC~-), 3.80 (s, 3H, -OCH3), 3.71 (t, J = 6.1 Hz, 2H, -CH20H), 3.68 (s, 2H, -

C~CH2S-), 2.53 (t, J= 7.0 Hz, 2H, -SCH2CH2-), 1.81 (m, 2H, -CH2CH2CH2-), 1.61 (br s, 

IH, CH20H). 

3-Phosphopropylp-Methoxybenzyl Thioether (6). [Compound 6 was generated by a 

method analogous to that of Kraszewski & Stawinski, (1980).] Bis-triazole p­

nitrophenylphosphate (2), was generated by the reaction of p-nitrophenyl­

phosphorodichloridate (1) plus triazole and triethylamine (TEA) in tetrahydrofuran, under 

N2(g), first at 0 °C and then at room temperature, for a total of 30 min. Compound 3 was 

then added (500 mg; 2.36 mmol) in a ratio of3:1 relative to the dichloridate, along with 1.3 

equivalents of I-methylimidazole, relative to 3. The reaction proceeded, still under N2(g), 

for another 30 min. H20 and TEA were then added to hydrolyze the triazole groups. After 2 

h, the reaction mixture was concentrated under reduced pressure to give a yellow solid. The 
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yellow solid was dissolved in chlorofonn and washed with aqueous NaHC03, then 

concentrated to give a yellow oil. The yellow oil was dissolved in deionized H20 and 

purified by two chromatographic steps, ion exchange (Sephadedx SP C-25) and RP-CI8 

(isocratic; 1: 1 MeOH:H20 mobile phase), to give the phosphodiester 5 in 62% yield from 

alcohol 3. MS of 5 (FAB, m/e): 412.1 [calcd. for C17H19N07PS 412.06]. Phosphodiester 5 

was then hydrolyzed in 1 N NaOH at 90°C for 16 h, and the resultant phosphomonoester 

(6) was neutralized and purified chromatographically on DEAE sephadex, a strong anion 

exchange medium. Elution off the DEAE was effected by a linear gradient (0.1 - 1 M) of 

H2C03-TEA, which was removed as the product was dried under reduced pressure, 

yielding the sodium salt of 6 in 75% yield from 5. IH NMR (020, ppm) 7.06-7.10 and 

6.72-6.76 (two m, 2H each, MeOCJI4-), 3.73 (quart., J = 6.4 Hz, 2H, -CH20P03-2), 3.61 

(s, 3H, -OCH3), 3.50 (s, 2H, -CJi4CH2S-), 2.37 (t, J =7.5 Hz, 2H, -SCH2CH2-), 1.70 

(quint,J = 6.6 Hz, 2H,-CH2CH2CH2-). 31p NMR (020, ppm relative to phosphoric acid) 

1.36 (s, decoupled). 

Dinitropheny/ 3-phosphopropyl disulfide (7). The simultaneous removal of the p­

methoxybenzyl group from the sulfur and creation of the disulfide was accomplished by the 

method of (Johnson et al., 1994). Thioether 6 was stirred with an equimolar amount of 2,4-

dinitrophenylsulfenyl chloride in acetic acid, at room temperature for 30 min. The reaction 

mixture was then concentrated by evaporation and dissolved in methanol. The product (7) 

was crystallized with the addition of diethylether, and isolated by filtration to yield 

disulfide 7 as the free acid in 35% yield from 6. IH NMR (CD30D,ppm) 9.04 and 8.58-8.62 

(s and m, respectively, IH and 2H, respectively, (N02hC~3-), 4.06 (quartet, J= 6.2 Hz, 

2H, -CH2CH20POl-), 2.96 (t, J=7.2 Hz, 2H, -SCH2CH2-), 2.05 (quintet, J=6.5 Hz, 2H, 

-CH2CH2CH2-). 31p NMR (020 , ppm relative to phosphoric acid) 0.8 (s, decoupled). 
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K41C-MPP RNase A K41C RNase A was isolated freshly from the K41C-NTB 

fonn of the protein by DTT treatment and cation exchange chromatography on a mono S 

column (FPLC, conditions described above). The protein (6 IJ.M) was then reacted with a 

10-fold molar excess of 7 and re-isolated by cation exchange. The addition of the MPP 

moiety causes the protein to elute off the Mono S column at 45 mM NaCI, rather than at 

-80mMNaCl. 

Zymogram Assay. Very small amounts of ribonucleolytic activity can be detected 

in Laemmli gels impregnated with RNA or with poly(C) (Blank: et al., 1982; Raines & 

Kim, 1993). Here, zymogram assays were performed in an 18% (w/v) acrylamide gel 

containing poly(C) (0.5 mglm1). K41C RNase A (O.4lJ.g) or K41C-MPP RNase A (0.4 IJ.g) 

were loaded onto the gel in a non-reducing glycerol loading buffer «20 IJ.L). The gel was 

run at 50 m V until the sample had entered the resolving gel, and then the voltage was 

increased to 200 m V. After electrophoresis, the gel was washed for 5 min per wash, twice 

with 20% (v/v) isopropanol, and twice with 0.050 M Tris-HCI buffer, pH 7.0. The gel was 

then incubated for 30 min in an additional 35 mL of 0.050 M Tris-HCI buffer. Poly(C) 

remaining within the gel was stained with 0.2% (w/v) toluidine blue and destained with 

H20. Bands from ribonucleolytic activity where poly(C) is absent show up as clear to light 

blue against the deep purple background. 

Results and Discussion 

RNase A has eight cysteine residues in its amino acid sequence, which produce four 

disulfide bonds in the native protein. Site-directed mutagenesis has introduced a ninth 

cysteine at several different positions, including residues 1 (B. M. Fisher, personal 

communication), 19 (M. C. Hebert, personal communication), 41 (Chapter 2), and 88 {p.A. 
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Leland, personal communication). These protein variants all fold properly to yield proteins 

with a single free sulfhydryl at the desired position along with the eight native disulfides, 

and these new cysteine residues are available to react with a variety of sulfhydryl-specific 

reagents. 

Disulfide-exchange is one type of reaction in which the newly introduced cysteine 

can participate, leaving the protein involved in an intennolecular disulfide bond. 

Intennolecular disulfide bonding is often remarkably reversible due to facility of thiol­

disulfide interchange reactions (Raines, 1997). The modified protein is thus susceptible to 

reaction with secondary modifying reagents, as well as reduction to the protein bearing a 

free sulfhydryl. We have exploited this versatility, vis-a-vis position 41, to modulate the 

ribonucleolytic ability of RNase A. Scheme 5.1 shows the fonns of K41C RNase A that 

have been prepared and studied 

We have shown previously that the replacing Lys41 of RNase A with a cysteine 

residue reduces kcatlKm by nearly lOs-fold and kcat by 2 x 104-fold (Chapter 2). We have 

also shown that the introduction of a cationic proton-bearing amine by way of modification 

ofCys41 compensates for much of the lost catalytic activity. K41C RNase A is unstable if 

stored for long periods of time, presumably due to air oxidation, and consequently has been 

stored only after protection with Ellman's reagent (DTNB). The resultant 

nitrothiobenzoate-protected protein (K41C-NTB RNase A) contains the first disulfide in 

which Cys41 will participate. This protein reacts rapidly with cysteamine, releasing one 

equivalent of nitrothiobenzoate and creating K41C-csa RNase A. This reaction can be 

monitored by its absorbance at 412 nanometers. The reaction with 25 J.LM enzyme and a 

2.5-fold molar excess of cysteamine was more than half complete after 2 minutes and more 

than 80% complete after 6 minutes. The value of kcatlKm for poly(C) cleavage for K4lC-csa 
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RNase A is 1100-fold greater than that of K41C RNase A, while the value of kcat is 130 

times that ofK41C RNase A (Table 5.1). 

The stability of the engineered, intennolecular disulfide bond with cysteamine 

contrasts sharply with that of the native, intramolecular ones. Approximately 80% of RNase 

A molecules retain their native disulfide bonds after exposure to 0.10 M OTT for 2 h (1200-

fold molar excess)(Li et al., 1995). We have observed that OTT concentrations below 10 

mM (700-fold molar excess) for 45 min have little or no effect on intramolecular disulfide 

bonds ofK41C RNase A, as monitored by enzymatic activity. In contrast, the cysteamine 

disulfide bond can be removed completely with as little as 20 J..LM OTT (one equivalent) in 

less than 30 min. At higher levels of OTT, deactivation is even faster (Figure 5.1). 

The simple removal of cysteamine from K41C-csa RNase A results in a large 

reduction in catalytic activity. To assess its practical utility, this deactivation method was 

tested in a ribonuclease protection assay (RPA). RPA's utilize a labeled piece of anti-sense 

RNA to probe for an RNA transcript of interest (Figure 5.2). Hybridization is followed by 

digestion of any unbound RNA, using a ribonuclease that is specific for single-stranded 

RNA. RNase A is such an enzyme. The labeled probe that has been protected from 

degradation by the presence of the cognate RNA is then isolated by gel electrophoresis and 

visualized by autoradiography. If ribonucleolytic activity is not adequately controlled after 

the digestion step, both prior to and during electrophoresis, the signal reSUlting from the 

protected probe will be lost. The standard protocol (Ausubel et aI., 1994) removes 

ribonucleolytic activity with a protease treatment (proteinase K) followed by a 

phenol/CHCh extraction. A commercially available RPA kit (Ambion, Austin, Texas) uses 

a method of inactivation that is a "trade secret." In order to test the effectiveness in an RPA 

of K41C-csa RNase A and subsequent reductive deactivation, whole mouse RNA was 

assayed with a 32P-Iabeled RNA probe for actin mRNA (Figure 5.3). The Ambion 
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inactivation method was compared with DTT deactivation and with DTT deactivation plus 

phenol/CHCh extraction. It is apparent that DTT deactivation is inadequate when used 

alone and useful only when coupled with phenol/CHCh extraction. Even though K41C 

RNase A has many orders of magnitude less activity than does wild-type or K41 C-csa 

RNase A, it is still too active of a catalyst to be tolerated in the RPA. DTT deactivation 

followed by phenol/CHCh extraction appears to be roughly equivalent to Ambion' s 

proprietary method and is probably also similar in effectiveness to a proteinase K treatment 

followed by phenol/CHCh extraction. 

The unique chemistry of the sulfhydryl at position 41 ofK41C RNase A can be used 

as a target for additional modifications leading to more complete inactivation. We chose to 

do this by synthesizing a modification reagent that creates another disulfide, altering the 

protein again in a reversible fashion. (Irreversible modifications via alkylation reactions 

comprise another type of option, not explored here.) We have chosen to investigate the 

attachment of 3-mercaptopropyl-l-phosphate (MPP) to the sulfur of Cys41. Computer 

modeling indicated that the propyl linkage would allow the phosphoryl group of MPP to 

assume a position similar to that of inorganic phosphate or sulfate moieties observed in 

crystallographic studies. In order to attach MPP, 2,4-dinitrophenyl 3-phosphopropyl 

disulfide (7) was synthesized. Synthesis proceeded in three phases (Scheme 5.2). In the first 

two phases the MPP moiety was made by modifying 3-bromo-l-propanol, first with an 

appropriately protected thiol, then with a triazolephosphate. After the trlazole groups had 

been removed, the final phase created the desired disulfide, by using 2,4-dintrophenyl­

sulfenylchloride to replace the protecting group on the sulfur ofMPP. 

Compound 7 reacts readily with Cys41. K41C RNase A was reacted with a 10-fold 

molar excess of7, and the reaction was 90% complete within 25 minutes. K41C-MPP was 

isolated from any traces of unreacted protein by an additional cation exchange step. 
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Zymogram analysis ofK41C-MPP RNase A indicates that this protein has significantly less 

ribonucleolytic activity than does K41C RNase A (Figure 5.4). 

Spectrophotometric assays of poly(C) cleavage were used in an attempt to quantify 

the residual catalytic activity and assess kinetic parameters. Changes in absorbance were 

followed over 5 h. Rates of increase in absorbance were consistently greater than 

instrumental drift, but instrumental drift severely impacted the reproducibility of the 

measurements. The measured rates averaged 4(±1)% of the rates expected for the K41C 

enzyme under identical conditions. However, no steady-state kinetic parameters were 

determined because of the technical problems associated with the lack of assay sensitivity. 

If the effect of adding MPP to K41 C RNase A is assumed only to be on K m, the effective 

molarity of inorganic phosphate can be computed by rearranging the equation describing 

competitive inhibition. Specifically, 

can be rearranged to give 

where Kph is the inhibition constant of phosphate and [I] is the effective molarity of 

inorganic phosphate at the active site. If the inhibition constant of inorganic phosphate (Kph) 

is taken to be 4.6 mM (Anderson et a/., 1968) and the previously determined K41C RNase 

A kinetic parameters are used (Chapter 2), the average effective molarity associated with 
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the measured rates of poly(C) cleavage is 0.3 M. This value can be compared with the 

actual molarity of the phosphoryl group of MPP, which was equivalent to [E] and ranged 

from 0.7 to 3.5 JlM in these experiments. 

Once K41C RNase A has been modified with MPP, the noncovalent interactions 

with the phosphate group appear to markedly increase the stability of the intermolecular 

disulfide bond. OTT and J3-mercaptoethanol were used over a range of conditions that are 

benign to the K41 C protein in attempts to remove the MPP group. At low and moderate 

ionic strengths, no increase in activity was observed by zymogram analysis after incubation 

with up 2 mM OTT for up to 24 h. Even in the presence of 1 M inorganic phosphate and 

0.10 mM OTT, no measurable gain in activity was observable. At a very high phosphate 

concentration (2.5 M) and 2 mM OTT, a gain of activity comparable to 10-30% reversal to 

K41C was observed over 90 minutes. 

Conclusion 

The unique reactivity of the sulfhydryl group allows for rapid and specific control 

of enzymatic activity. The activity of K41C RNase A has been increased 1l00-fold by 

modification with cysteamine, and decreased 25-fold by modification with 

3-mercaptopropyl-l-phosphate. The activity can thus be readily modulated over a range 

spanning a factor of 104
.
4

• An analogous control mechanism could concievably be installed 

into the active site of any enzyme of known three-dimensional structure if an essential 

amino acid functional group is available for replacement with a cysteine. 
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Scheme 5.1 Overall scheme of modifications activating and deactivating K41C RNase A. 
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Scheme 5.2 Synthesis ofDinitrophenyl 3-Phosphopropyl Disulfide. 
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Table 5.1: Steady-State Kinetic Parameters for Catalysis ofPoly(C) Cleavage by K41C 

Ribonuclease A before and after Cysteamine Modificationa
• 

RNase A kcat Km kcatlKm MGtx (kcal/mol) C (S-l) (mM) (M-lxS-1) 

wild-type 
604±47 0.091 ± 0.022 (6.5 ± 1.2) x 106 0.0 

K41C 
0.026 + 0.004 0.36 + 0.12 (7.3 ± 1.5) x 10 6.8 

K41C-csa 
3.6 ± 0.1 0.043 ± 0.009 (8.5 + 1.5) x 104 2.6 

a Data were obtained at 25°C in 0.10 M MES buffer, pH 6.0, containing NaCl (0.10 M). 
C MGtx = RT In (kcatlKm )w.t/(kcatlKm )variant. 
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Figure 5.1 
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DTT deactivation of K41 C-csa RNase A. Protein was present at 20 J..1M. 

Reaction in 50 mM HEPES, pH 7.7,25 °C. Two levels ofDTT were tested: 

20 mM (.6.), and 320 mM (e). 
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Figure 5.2 
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The Ribonuclease Protection Assay (RP A). In an RP A, a labeled probe is 

hybridized in solution with an RNA sample containing the target RNA. This 

step is generally performed overnight. After the hybridization step, excess 

single-stranded (ss) probe molecules are degraded by ribonuclease treatment. 

Probe molecules hybridized to target molecules are protected from the action 

of ribonuclease by virtue of being in a double-stranded complex with their 

cognate target RNA. Protected molecules are then seperated on an 

acrylamide gel and visualized by autoradiography.· 

• Adapted from the Ambion Catalog, Ambion Inc., Austin, Texas 
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Fig 5.3 
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Autoradiogram probing for the protection of an antisense probe specific for 

j3-actin mRNA. Lanes A, B, and C compare three methods of removing 

K41 C-csa ribonuclease A prior to electrophoresis. 

Lane Probe Total RNA Ribonuclease A Inactivation 

A Mouse Mouse K41C-csa DTT followed by 
j3-actin phenollCHCh 

B Mouse Mouse K41C-csa DTT 
j3-actin 

C Mouse Mouse K41C-csa Dx solution* 
j3-actin 

D Mouse Mouse wild-type A plus Dx solution* 
j3-actin RNaseTl 

E Mouse Yeast K41C-csa Dx solution* 
j3-actin 

F Mouse Yeast wild-type A plus Dx solution* 
j3-actin RNaseTl 

G Mouse Yeast None Dx solution* 
j3-actin 

* Dx solution is sold by Ambion, Inc. and is a proprietary formulation for 

which little information is available 
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Fig 5.4 

136 

Zymogram electrophoresis of K41C ribonuclease A and K41C-MPP 

ribonuclease A. Lane A: 0.4 J.1g of K41C RNase A. Lane B: 10 J.1L of 

Mono S column eluent (negative control). Lane C: empty. Lane D: 0.4 J.lg 

of chromatographically purified K41C-MPP RNase A. 
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