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Abstract 

Differential chemical modification of the lysines and amino-terminus of Escherichia coli single-strand binding (SSB) 
protein was used to determine their roles in the binding of SSB to single-stranded DNA (ssDNA). A combination of 
isotope labeling and mass spectrometry was used to determine the rates at which SSB was acetylated by acetic 
anhydride. First, SSB was labeled by deuterated acetic anhydride for given lengths of time in the presence or absence 
of single-stranded ssDNA. Then, the protein was denatured and completely acetylated by nondeuterated acetic anhy- 
dride. Enzymatic digests of the completely acetylated, isotopically labeled SSB were analyzed by electrospray ionization 
mass spectrometry. The intensities of the deuterated and nondeuterated forms of acetylated peptides provided accurate 
quantification of the reactivity of the amines in native SSB, either free or bound to ssDNA. Acetylation rate constants 
were determined from time course measurements. In the absence of ssDNA, the terminal a-amine of SSB was IO-fold 
more reactive than Lys residues at positions 43, 62, 73,  and 87. The reactivities of  Lys 7 and 49 were much lower yet, 
suggesting that they have very limited access to solution under any condition. In the presence of ssDNA, the reactivities 
of the amino-terminus and Lys residues 43,  62,  73, and 87 were reduced by factors of  3.7-25, indicating that the 
environments around all of these amines is substantially altered by binding of SSB to ssDNA. Three of these residues 
are located near putative ssDNA binding sites, whereas Lys 87 is located at the monomer-monomer interface. 
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Escherichia coli single-stranded DNA-binding protein (SSB) is  a 
75-kDa homotetramer that binds to single-stranded DNA (ssDNA) 
and is essential for DNA replication, recombination, and repair 
(Meyer & Laine, 1990). How SSB participates in these different 
cellular processes is not clear, but the mechanism by which it binds 
ssDNA is fairly well understood (Lohman & Ferrari, 1994). In 
every cell, there are about 500 copies of SSB tetramer, and  we can 
predict that about 50 SSB tetramers are needed for every replica- 
tion fork, of which two are created every time a cell divides (Mc- 
Macken et al., 1987). Thus, 20%  of the cellular SSB is used every 
time DNA replication is initiated. In cells growing exponentially, 
multiple cycles of DNA replication can be initiated such that eight 
forks  are working simultaneously. Under such conditions, most of 
the SSB would be bound at the replication forks. To carry out such 
a role, SSB must bind to ssDNA rapidly and nonspecifically. In 
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fact, one of SSB’s binding modes, the 35 mode, is predicted to 
have such properties. In the 35 mode, each SSB tetramer binds 35 
nucleotides of ssDNA in a highly cooperative manner such that 
two of the four subunits are bound to the ssDNA. The other mode 
is the 65 mode, in which all four subunits bind a total of 65 
nucleotides of ssDNA. The 65 mode may participate in DNA re- 
combination and repair. 

As a single-stranded DNA binding protein, SSB binds to the 
nitrogenous bases of the ssDNA and to the phosphates in the 
ssDNA backbone. Thermodynamic measurements have revealed 
large hydrophobic and electrostatic components to binding. Most 
current structure/function information studies have focused on four 
aromatic amino acids, out of the 177 total amino acids, as playing 
a dominant role in the hydrophobic binding (Lohman & Ferrari, 
1994). At least some Lys residues in SSB likely contribute to the 
electrostatic  component of SSB  binding to ssDNA (Bandyo- 
padhyay & Wu, 1978). 

The principal goal of the present investigation was to identify 
and characterize Lys residues in SSB that participate in the binding 
of SSB to ssDNA. We have used electrospray ionization mass 
spectrometry (ESIMS)  and deuterated acetic anhydride to deter- 
mine the rates of acetylation of the amino-terminus and specific 
Lys residues in SSB. Performing these measurements on SSB in 
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the absence and presence of ssDNA revealed that the rates of 
acetylation of the amino-terminus and four Lys residues are highly 
dependent on binding, suggesting that these amines participate in 
the binding process. Although the general approach of differential 
chemical modification with acetic anhydride has been used exten- 
sively (Young & Kaplan, 1989), methods used in the present study 
demonstrate how stable isotopes can be used to improve the ac- 
curacy of the measurements. 

Results 

Sequence  verification of SSB and its storage 
degradation  product 

The SSB monomer molecular mass was determined by ESIMS to 
be 18,845 (Fig. 1). This agreed with the calculated molecular mass 
of 18,844 consistent with the most recent DNA sequence determi- 
nation (GenBank Accession No. P02339), but differs from that 
expected for the original DNA sequence-deduced value of 18,873 
(Sancar et  al., 198 I ) .  The molecular mass determined by ESIMS is 
consistent with Gly at position 133. The molecular masses of the 
tryptic and Endoproteinase Glu-C peptides (Fig. 2) were also in 
complete agreement with masses predicted from the more recent 
DNA sequence. In addition, the molecular mass of the degradation 
product of SSB, which appears after storage at 4°C for several 
days (Overman et al., 1988), exhibited a loss of 262 to give a 
molecular mass of 18,582 (Fig. 1). This  decrease in molecular 
mass is consistent with the C-terminal loss of Pro-Phe (calculated 
loss of 262), but not with the amino-terminal loss of Ala-Ser (cal- 
culated loss of 176). 

SSB acetylation at p H  8.1 is  sensitive to ssDNA 

Because most SSB thermodynamic studies have been performed at 
pH 8 and 25 "C, the initial acetylation studies were carried out 
under those conditions. To compare the reactivity of individual 
amines when SSB was free or bound to ssDNA, the two forms of 
SSB were exposed to acetic d6-anhydride at pH 8.1. The partially 
d3-acetylated SSB was completely acetylated by h6-acetic anhy- 
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Fig. 1. Reconstructed ESIMS spectrum of SSB. The peak at 18,583 cor- 
responds to the amino-terminal degradation product that appears after pro- 
longed storage at 4 "C. 
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Fig. 2. Partial sequence  map of SSB showing lysines and  the amino- 
terminal residue in bold letters. The observed acetylated lysine-containing 
peptides are underlined below the sequence. Letter G before the monoiso- 
topic mass indicates peptides from a Glu-C digest, and letter T indicates 
those from a tryptic digest. 

dride and digested by Endoproteinase Glu-C or trypsin. Peptides 
used to quantify the extent of acetylation at the amino-terminus 
and each of the Lys residues in SSB are indicated in Figure 2. 
Because all the amines were acetylated prior to the digestion, 
trypsin cleavage occurred on the carboxyl side of arginine, but not 
lysine. Natural ssDNA was used for the protection studies because 
preliminary experiments with poly(dT) gave very low yield after 
proteolytic digestion. 

The h3 and d3 acetylation of a Lys residue increases its molec- 
ular mass by 42 and 45, respectively. The extent of acetylation was 
determined from the relative intensities of the nondeuterated and 
deuterated mass envelopes, as illustrated for the segment including 
residues 39-47 in Figure 3. Because deuteration of the acetyl 
group increases the molecular weight by only 3 Da, isotope enve- 
lopes representing the h3 and d3  forms of the peptides overlapped. 
For example, the peak at m/z 1,091.4 contributed 5% of its inten- 
sity to the peak at m/z 1,094.4. Adjustments for overlapping of 
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Fig. 3. ESIMS spectrum of acetylated Endoproteinase Glu-C segment 39- 
47. The isotope peak at mass 1,091 corresponds to the nondeuterated 
peptide (mass increment of 42 of the unmodified peptide), the isotope peak 
at 1,094 corresponds to the deuterated peptide (mass increment of 45 of the 
unmodified peptide). 



SSB amines and SSDNA binding 

isotope envelopes representing h3 and d3 acetylation were made to 
accurately quantify the extent of acetylation in native SSB. 

Two proteases were required to give all of the peptides required 
to determine the reactivity of each of the six Lys residues. Because 
the mass spectra of tryptic fragment 4-21 showed that Lys 7 was 
effectively unreactive. the reactivity of the amino-terminus was 
determined from the Endoproteinase Glu-C fragment 1-19. The 
reactivity of Lys 49 could not be determined directly from the 
Endoproteinase Glu-C fragments, probably because the 48-50 frag- 
ment was not retained on the HPLC column. However, the reac- 
tivity of Lys 49 was determined indirectly from the tryptic fragment 
42-57, which includes both Lys 43 and 49. The reactivity of Lys 43 
was determined directly from the Endoproteinase Glu-C fragment 
39-47. When Lys 73 acetylation was quantified from both tryptic 
segment 73-84 and Endoproteinase Glu-C segment 70-80 (data 
not shown), there was less than 5% difference between the mea- 
surements, indicating excellent reliability of the entire analytical 
procedure. 

In general, the level of d3 acetylation could be accurately quan- 
tified only when it was greater than 5%. The acetic anhydride 
concentration at which this condition is met for most of the lysines 
was first determined by assessing the extent of labeling of each 
lysine for  a range of acetic anhydride concentrations.  A wide range 
of amine reactivities was found for  SSB in the absence or presence 
of ssDNA. Results obtained using 1.2 mM acetic anhydride  are 
presented in Figure 4. These results show that, at pH 8. I and 25 "C, 
the amino-terminal a-amine displayed the highest level of acety- 
lation, whereas Lys 7 had the lowest level of acetylation. Although 
acetylation of  Lys 49 was near the limit of detection, acetylation of 
the remaining four Lys residues, 43, 62, 73, and 87, could be 
quantified accurately. Addition of ssDNA substantially inhibited 
acetylation of the amino-terminus of SSB,  as well as acetylation of 
the four most reactive Lys residues. 
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Fig. 4. Percent acetylation of SSB, with or without ssDNA, at  pH 8. I ,  
25 "C. SSB (8 p M )  was reacted with 1.2 mM deuterated acetic anhydride. 
The open columns represent free SSB and  the shaded columns represent 
hound SSB. 
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s sDNA does not compete for the label 

Because the four most reactive Lys residues were labeled less in  
the presence of ssDNA, a control experiment was performed to 
establish whether the added ssDNA caused reduced SSB acetyla- 
tion by reacting with the acetic anhydride labeling agent. Sub- 
stance P is a undecapeptide with the sequence Arg-Pro-Lys-Pro- 
Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 that does not bind to ssDNA 
but can be labeled with acetic anhydride. This peptide was acety- 
lated under the same  conditions used to acetylate SSB. In duplicate 
experiments, 72% of substance P was acetylated, in the absence or 
presence of ssDNA. This result confirmed that the decrease in SSB 
reactivity with d6-acetic anhydride could only be attributed to the 
binding of SSB to ssDNA and  not to competing ssDNA acetylation. 

SSB acetylation rate constants at p H  7.0 
are sensitive to SSDNA 

Initial experiments performed at pH 8.1 demonstrated that the 
amino-terminus and the six Lys residues of  SSR are characterized 
by a wide range of acetylation rates, and that these rates decrease 
in the presence of ssDNA. However, the rates of these reactions 
could not be determined accurately under these conditions because 
the reaction at pH 8.1 was complete within minutes. Because only 
the unprotonated form of the amines reacts with acetic anhydride, 
the acetylation experiments were performed at pH 7.0 where the 
reaction rates could be measured more accurately. 

The  extent of acetylation of each lysine residue was determined 
as  a function of time following reaction of free SSB with 1.6 mM 
d6-acetic anhydride (Fig. SA). By combining the extent of acety- 
lation of individual residues, it  was determined that 0.2, 0.4 , 0.9, 
1.  I ,  and 1.3 lysines were acetylated per SSB monomer after IO, 45, 
130, 270, and 600 s. Acetylation rate constants for each reactive 
SSB residue, calculated by fitting the data in Figure SA to Equa- 
tion 3, are presented in Table l .  Results of experiments performed 
at pH 7.0 are  similar to those obtained at pH 8. I .  The four most 
reactive Lys residues have acetylation rates constants spanning the 
range of 0.59 to I .86 M" s- ', and the amino-terminus is acety- 
lated much faster than any of the Lys residues (23 M-'  s-l). 
Acetylation of Lys 7 and 49 could not be quantified under these 
conditions. Thus, decreasing the pH from 8.1 to 7.0 slowed the 
acetylation rates substantially, but did not change the order of reac- 
tivities of amines in SSB. These reaction conditions were optimized 
to favor investigation of the most reactive Lys residues in SSB be- 
cause they are more likely to participate in binding of SSB to ssDNA. 

When SSB was bound to ssDNA, the reactivity of its Lys res- 
idues and amino-terminus decreased considerably. To facilitate mea- 
surements over the same time scale as in the absence of ssDNA 
(Fig.  SA), these reactions were carried out with a 5.5-fold higher 
concentration of acetic anhydride (Fig. 5B). By combining the 
extent of acetylation of individual lysines, it was determined that 
0.4,  0.7, 1.2, and 1.4 lysines per SSB monomer were acetylated 
after 45, 130,  270, and 600 s. The reaction conditions used in this 
study were chosen to facilitate accurate measurement of acetyla- 
tion rates while minimizing the extent of acetylation. For  the long- 
est reaction time used (600 s), 18% of the SSB monomers will 
have no Lys residues labeled, 38% will have one Lys labeled, and 
44% will have two or more Lys labeled, if the entire population of 
SSB molecules were labeled randomly. The experimental data in 
Figures 5A and 5B fit Equation 3 very well, indicating that coop- 
erative labeling was not significant. Rate constants  for acetylation 
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of the amino-terminus and the four most reactive Lys residues of 
SSB when bound to ssDNA are presented in Table I .  These results 
show that amino-terminal a-amine was a  factor of  25 less reactive 
when SSB was bound to ssDNA, while the reactivities of  Lys 43, 
Lys 62, Lys 73, and Lys 87 were decreased four- to sevenfold. 

Discussion 

Advances in experimental methods 

The reactivities of amino acid side chains in polypeptides has been 
used extensively to assess the roles played by these side chains in 
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Table 1. Acetylation rate constants for each amine in free 
and bound SSB, and their ratioa 

kdcetylatlo" s 1 ("I -I 

Amine Free SSB Bound SSB Free/Bound 

Amino-terminus 23.0 f 1.6 0.91 * 0.09 25 
Lys 7 N D ~  N D ~  
Lys 43 1.75 & 0.09 0.26 f 0.01 6.7 
Lys 49 <0.25' < O . l O C  

Lys 73 1.86 i 0.13 0.30 -t 0.01 6.2 

- 

Lys 62 1.20 C 0.08 0.27 f 0.01 4.4 

Lys 87 0.59 t- 0.04 0.16 f 0.01 3.7 

- 

aThe acetylation rate constants were determined by fitting data pre- 

0.0045 s". 
sented in Figures SA and 5B to Equation 3 in which khydrolyr,, was fixed at 

bND means not detectable. 
'The acetylation rate constant was estimated from an acetylation level 

that was barely within the limits of detection by 600 s. 

ligand binding. In the present study, the acetylation rates of spe- 
cific Lys residues have been used to investigate the importance of 
these residues to the binding of E. coli SSB to ssDNA. Side-chain 
reactivities have most often been investigated using radioactive 
reagents to label the side chains. The extent to which specific 
residues were labeled was determined following proteolytic frag- 
mentation and chromatographic isolation of the appropriate pep- 
tides. Rate constants describing the chemical reactivities of specific 
side chains could be determined from the radioactivity and UV 
absorbance of the isolated peptides. Although this approach has 
been successful, its application has been limited by the require- 
ment to isolate peptides to a high level of purity before their 
specific activities could be determined accurately. Furthermore, 
increasing concerns over the availability and disposal of radio- 
active materials has also diminished interest in this approach. 

Recent advances in mass spectrometry have made it possible to 
assess the reactivities of amino acid side chains without the use of 
radioactive materials (Qin et al., 1992; Akashi et al., 1993; Hasan 
et  al., 1993; Glocker et al., 1994). Due to the high specificity of 
mass spectrometry, modified peptides can be detected and identi- 
fied even when isolation is incomplete. However, quantitative as- 
sessment of the reactivities by mass spectrometry has been difficult 
because the mass spectrometric response to unmodified and mod- 
ified peptides may differ substantially. This problem may be par- 

Fig. 5. Fractional acetylation as a function of time at pH 7.0 and 2.5 "C for 
the reactive lysines in free SSB (A) and ssDNA-bound SSB (B). SSB 
(8 pM)  was reacted with 1.6 mM deuterated acetic anhydride in the ab- 
sence of ssDNA and with 8.9 mM in the presence of ssDNA. The lines 
through each data set were generated using the rate constants presented in 
Table 1 and Equation 3 (the % fit error for the free SSB data sets were 3.0% 
for the amino-terminus, 8.2% for Lys 43, 10.6% for Lys 62, 10.6% for 
Lys 73, and 11.0% for Lys 87, whereas the fit error  for the bound SSB data 
sets were 9.2% for the amino-terminus, 5.1% for Lys 43,  6.4%  for Ly s 62, 
4.6% for Lys 73, and 7.7%  for Lys 87). (C) The hydrolysis of db-acetic acid 
takes place  during  the  course of reaction. The line through these two data 
sets was generated using the rate constant of 0.0045 M-'  s" that was 
determined as described under Material and methods. 
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ticularly serious for electrospray ionization, where the distribution 
of charge states observed may depend on the side-chain modifi- 
cation. Yet electrospray ionization is emerging as the preferred 
ionization method for analysis of peptides because of its high 
sensitivity and compatibility with HPLC. Quantitative assessment 
of side-chain reactivities is also complicated because the quanti- 
tative release of the unmodified and modified peptides from the 
protein may be altered by the modified side chains. For example, 
trypsin does not cleave after lysine that has been acetylated. Non- 
quantitative release of peptides is equally important when radio- 
active reagents are used. Following a suggestion initially put forth 
by Steiner  et  al. (Steiner et al.,  1991), we have used a two-step 
reaction procedure in which free and bound SSB  are exposed to 
d6-acetic anhydride, followed by exhaustive acetylation of lysyl 
residues with h6-acetic anhydride. The reactivities of lysyl side 
chains in free and bound SSB were quantified from the relative 
levels of peptides displaying d3 versus h3 modification. Because 
all lysyl residues in SSB were acetylated, either d3 or h3, errors 
due to incomplete proteolysis or mass spectrometer response were 
minimized. 

Correlation of lysine reactivity with SSB structure 

Rate constants  for acetylation at pH 7.0 of the six Lys residues in 
SSBvariedfromlessthan0.25M" s-'toashighas  1.86M"s-', 
a 10-fold range. The rate constant for acetylation of the amino- 
terminus was 23 M" s - ' ,  10-fold larger than the rate constant for 
acetylation of the most reactive Lys residue. The reactivities of 
these primary amines  are highly sensitive to their environments, 
facilitating their use as probes of these environments. Specific 
factors that may affect the reactivities of primary amines may be 
generally grouped as those that alter the pKas of the protonated 
amines and those that alter the access the amines have to the 
acetylating reagent (Le., the aqueous solvent). Although the pK,s 
of the amino-terminus and Lys residues in an unfolded polypeptide 
are predictable, their pK,s in the same protein, but folded into its 
native state, cannot be predicted with certainty because the pro- 
tonated amines may interact with nearby residues. For example, 
formation of an ion-pair with aspartic or glutamic acid anions, as 
well as hydrogen bonding with nonbonding electrons in various 
heteroatoms can increase the pK,, making the amine less reactive. 
The reactivities of the amines are also expected to be low if the 
amines are buried in folds or pockets such that they have little 
access to the solvent. 

The range of reactivities of the amino-terminus and Lys residues 
of SSB can be correlated with the available folded structures. The 
folded structures of the homotetrameric SSB from E. coli (Raghu- 
nathan et al., 1997; Webster et al., 1997) and human mitochondria 
(Yang et al., 1997) were recently solved using X-ray crystallog- 
raphy. There are 36 identical and 28 highly conserved residues 
between residues 1 1 and 11 8 of HsmtSSB and 3 and 103 of E. coli 
SSB  (Fig. 6). The sequence similarity (Fig. 6) and similar bio- 
chemical and hydrodynamic properties (Curth et al., 1994) sug- 
gested that  these two proteins would fold into homologous structures. 
Indeed, the secondary structure of these  two proteins are very 
homologous and the critical functional residues are clustered in 
homologous locations  on the protein surface. However, there are 
significant differences between the HsmtSSB and E. coli SSB 
crystal structures with regard to the locations of some important 
residues. Therefore, it is instructive to consider those structural 
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Fig. 6. A: The sequence alignment of E. coli and human mitochondrial 
SSB in their regions of greatest similarity. The "consensus" line indicates 
the degree of sequence similarity among bacterial SSBs for each position 
in the E. coli sequence; * indicates identical residues, : indicates highly 
conserved residues, and W and F indicate the four critical and identical 
aromatic residues. The "secondary" line indicates the type of secondary 
structure associated with each residue in the human mitochondrial se- 
quence; t indicates turn or loop, b indicates beta strand, x indicates no 
structural resolution, and h indicates helix. The "patches" line indicates the 
human mitochondrial residues that belong to each electropositive patch 
(Yang et al., 1997) and the primes indicate the equivalent residues con- 
tributed by  an adjacent subunit in the quaternary structure. B: A diagram 
showing the relationship of the electropositive patches to SSB quaternary 
structure and ssDNA binding. BlClC4B4 form an electropositive channel 
across the front face of the tetramer and B3C3C2B2 form a channel across 
the back face. The bound ssDNA is shown as a double-headed arrow 
because its polarity, if any, with regard to the patches has not been deter- 
mined. The  ends  are shown arbitrarily beginning and ending at patches A2 
and B2. If the ssDNA were to make contact with all of the patches as 
shown, about 70 nucleotides of the polymeric ssDNA would be involved 
(Yang et al., 1997). 

features that are similar and those that are different when trying to 
establish those features that are essential to SSB function. 

The high resolution structures of the E. coli SSB indicate that 
Lys 7  is buried in the subunit binding surface, where it forms an 
ion pair with Glu 80. Finding Lys 7 unreactive in the present study 
is consistent with this location in folded E. coli SSB. These results 
are also consistent with the structure of HsmtSSB, which indicates 
that the equivalent residues, Arg 16 and Glu 95, form an ion pair 
in the subunit binding surface. Although the low reactivity of  Lys 7 
is consistent with the crystal structures of both human and E. coli 
SSB, the low reactivity of  Lys 49 is anomalous. Lys 49 is not 
resolved in  one E. coli SSB structure (Raghunathan et al., 1997), 
indicating that it is disordered and probably highly accessible to 
solvent. In contrast, Lys 49 is resolved in the other E. coli structure 
(Webster et  al., 1997), points toward the ssDNA binding channel, 
but is still solvent accessible. Both of these structures predict that 
Lys 49 should be highly reactive, contrary to our observation. It 
may be significant that Ser  63 in HsmtSSB, the positional equiv- 
alent of  Lys 49 in E. coli SSB, is buried and participating in a 
hydrogen bond. Congruence of the low reactivity found for Lys 49 
with the X-ray crystallographic structure of HsmtSSB suggests a 
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need to reconsider the region around Lys 49 in the structures 
proposed for E. coli SSB. 

The acetic anhydride labeling reactivities for the amino-terminus 
and Lys 43, 62, 73, and 87 in the free protein are well correlated 
to their surface exposure in the crystal structure. Neither the amino- 
terminus nor Lys 43 are resolved in either E. coli SSB crystal 
structures, but their locations suggest that both residues are located 
in flexible solvent-exposed regions of the protein (Raghunathan 
et al., 1997; Webster et al., 1997). Such well-exposed locations 
would yield the high reactivities that we observe for these residues. 
Lys 62 and 73 are well resolved and solvent exposed in both free 
E. coli SSB crystal structures. Their reactivities are as high as that 
for Lys 43, which is again consistent with high solvent exposure. 
Lys 87 is well resolved and partially buried in both E. coli SSB 
crystal structures, which correlates well with its being one-half to 
one-third as reactive as the other three lysines. 

Relutionship of the lysine residues to the other ssDNA 
binding residues 

The high resolution structures for SSBs from all of the best-studied 
SSB families indicate that they carry out their functions by stack- 
ing or clustering a few aromatic residues around or near the ni- 
trogenous bases. SSBs  for which this structural similarity has been 
noted are  Pf3  gene 5 protein, Ff gene 5 protein, the major cold 
shock protein E. coli CspA (Folmer  et al., 1994), T4 gene 32 
protein (Shamoo et  al., 1995a, 1995b), human replication protein A 
(Bochkarev et al., 1997), and now human mitochondrial SSB (Yang 
et al., 1997), and E. coli SSB (Raghunathan et al., 1997; Webster 
et  al., 1997). These  SSBs share this structural feature even though 
there is practically no sequence conservation between, or some- 
times even within, the families. 

The architecture of all of these SSBs is also similar in that these 
aromatic residues are located near the loop end of two anti-parallel 
beta-strands. For instance, in each protomer of the homotetrameric 
E. coli SSB,  Trp 40,54,88, and Phe 60 are found at the ends of the 
anti-parallel beta-strands (Fig. 6). Site mutants of these residues 
had previously established the importance of these residues for 
ssDNA affinity (Menill et al., 1984; Casas-Finet et al., 1987; Kha- 
mis et al., 1987a, 1987b; Bayer et al., 1989; Curth et al., 1993). The 
evidence accumulated from these solution studies indicated that 
Trp 40, Trp 54, and Phe 60 partially stack with the nitrogenous 
bases and that Trp 88 helped form  a hydrophobic cluster for the 
nitrogenous bases. In fact,  Phe 60 was close enough to the nitrog- 
enous bases that it could be photochemically crosslinked to (dT)s 
(Menill et al., 1984). Finally, among bacterial and human mito- 
chondrial SSBs, these four aromatic residues are the most con- 
served residues with regard to their positions within the linear 
sequence (Fig. 6). Thus, these four aromatic residues are con- 
served according to sequence, function, and structure. 

The structures of all of the different SSB families suggest that 
they bind the sugar phosphate backbone with a line of electropos- 
itive residues located a suitable distance away from the aromatic 
residues described above. As a rule, these cationic residues are not 
conserved with regard to sequence, even within a given SSB fam- 
ily. The homotetrameric E. coli and human mitochondrial SSB 
structures share four conserved, electropositive, surface-exposed 
patches named A, B, C, and D (Webster et al., 1997; Yang et al., 
1997). Because these patches are adjacent to the aromatic residues 
Trp 40, 54, 88, and Phe 60, these patches in the free protein crystal 
structure were hypothesized to help form the ssDNA binding sites. 

Patches B and C appear to play the most prominent role in that 
they form an electropositive channel that extends across the sur- 
face of the tetramer to patches C and B in the subunit located 
furthest away (Yang et al., 1997) (Fig.  6). For the ssDNA to bind 
to the BCCB channel on the other face of the tetramer, the ssDNA 
must twist past patches A  and D at the ends of the tetramer because 
electronegative bamers and flexible loops block other routes. 

Only about half of the residues that are responsible for the 
cationic clusters in E. coli and human mitochondrial SSBs are 
conserved with regard to protein sequence (Fig. 6). Among the 
cationic cluster residues, arginines are more prevalent and more 
conserved in sequence than are the lysines. This result is surprising 
given that one early study had found that the lysines but not the 
arginines were critical for function in E. coli SSB (Bandyopadhyay 
& Wu, 1978). Even though the lysine residues are not conserved 
according to sequence, they are conserved according to their struc- 
ture. They fall into one of the recently identified cationic clusters 
that may define the ssDNA binding sites. 

Our ssDNA protection data (Fig. 5B; Table 1) indicate that the 
amino-terminus and the reactive lysines Lys 43, 62, 73, and 87 in 
E. coli SSB  are protected by ssDNA binding. It is intriguing to note 
that the acetylation rates for Lys 43,  62, and 73 are all reduced to 
nearly the same rate by bound ssDNA. These three residues, along 
with the amino-terminus, belong to the patch BCCB channel along 
the surface of E. coli SSB. The reactivities of these three lysines 
are probably limited by the same factor, binding to ssDNA. That 
they are reduced to the same rate may indicate that they bind  in the 
same way to the ssDNA because they are part of the same channel. 
Even though the amino-terminus is also a member of patch B, its 
lower pK, would make it inherently more reactive despite being 
protected in the same way as these three lysines. 

The labeling rate of  Lys 87 is reduced by a different extent and 
to a different rate when ssDNA is bound. The structure of the free 
protein also indicates that this residue is different from the other 
lysines. It is more buried than the other lysines and is on the same 
face of a beta strand as Thr 85, which makes a critical hydrogen 
bond with His 55 to stabilize the  SSB quaternary structure (Wil- 
liams et al., 1984; Bujalowski & Lohman, 1991). When ssDNA 
binds to the essential patch D residue Trp 88 located on the other 
side of that beta strand, it must protect Lys 87 both by bonding to 
it and by steric hindrance to a greater extent than it does with the 
other Lys residues. 

Materials  and  methods 

E. coli SSB 

SSB was purified as previously described (Lohman et al., 1986). 
Its purity was verified by RP-HPLC and ESIMS. The concentra- 
tion of SSB was determined by UV spectroscopy using an extinc- 
tion coefficient at 280 nm  of 113,000 M" cm" per tetramer 
(Lohman & Overman, 1985). 

SSDNA 

M13Gori ssDNA, a chimeric ssDNAconsisting of a 2,216-nucleotide 
G4 complementary strand origin inserted into a 6,407-nucleotide 
MI3 ssDNA, was purified from M13 phage as previously de- 
scribed (Griep & Lokey, 1996). The concentration of nucleotides 
in M13Gori was determined by UV spectroscopy using an extinc- 
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tion coefficient at 260 nm  of 7,370 M" cm" (Berkowitz & Day, 
197 1). 

Acetylation of SSB at pH 8.1 

d6-Acetic anhydride (1.2 mM) was added to 8 p M  of SSB mono- 
mer, with or without ssDNA, in 250 p L  30 mM Tris, 90 mM NaCI, 
pH 8. I at 25 "C. The reaction was allowed to proceed for 15 min, 
at which time all the d6-acetic anhydride had either hydrolyzed or 
reacted with SSB.  The protein retains its ability to bind ssDNA 
after this partial labeling step as confirmed by fluorescence quench- 
ing. Guanidine hydrochloride was added to a  final concentration of 
about 6  M, and the protein was allowed to denature for an hour at 
room temperature. SSB was then separated from ssDNA and low 
molecular weight compounds by size exclusion chromatography 
on a Superose-12 HR (Pharmacia) column pre-equilibrated with 
3 M  guanidine hydrochloride. About 1.5 mL of SSB containing 
fraction was collected and 1.5 mL of 6  M  guanidine hydrochloride 
was added to this fraction. Then, 200 p L  of 1  M acetic anhydride 
in acetonitrile was added to the fraction in three portions to com- 
pletely acetylate the protein as suggested by Steiner  et  al. (1991). 
During this reaction, the pH was maintained between 6.5-7.5  by 
the addition of KOH. The pH of the reaction mixture was then 
raised to 1 1  to hydrolyze the 0-acetyltyrosines (Riordan & Vallee, 
1972). The fully acetylated protein was desalted on a RP-HPLC C4 
column (Vydac) and vacuum dried to about 100 p L  before pro- 
teolytic digestion. 

SSB acetylation at pH 7.0 

The reaction was carried out in 200 mM HEPES, 90 mM NaCI, 
pH 7.0. d6-Acetic anhydride (1.6 mM) was added to free SSB and 
8.9 mM d,-acetic anhydride was added to SSB bound to ssDNA. 
The reactions were allowed to proceed for I O  s to I O  min and 
quenched with 80 p L  of 350 mM L-Lys solution (pH 8.0). The 
protein was fully acetylated as described above. 

Enzymatic digestion and HPLC separation 

The modified protein was divided into two aliquots. One portion 
was digested with trypsin (Sigma) for 2 h, and the other with 
Endoproteinase Glu-C (Worthington Enzymes) for 3  h at 37 "C. 
The digestion buffer was 40 mM Tris, pH 7.8. The enzyme to 
substrate ratio (w/w) was 1:20 for trypsin and 1:lO for Endopro- 
teinase Glu-C.  The resulting peptides were separated on a RP- 
HPLC C 18 Vydac column using a  2 to 90% gradient of acetonitrile 
in water with 0.1% trifluoroacetic acid. Peak fractions were col- 
lected and analyzed by ESI-MS. 

Mass spectrometvy 

Mass spectrometric analysis was performed on a Micromass Plat- 
form I1 quadruple mass spectrometer with a Masslynx data acqui- 
sition and processing software. A Harvard Model 22 syringe pump 
was  used to deliver  a solution of water:acetonitrile (5050) to the 
spray needle. The  sample was introduced into the solution via a 
Rheodyne 8 I25 injector. For protein analysis, the mass range 700- 
2,000 was calibrated with myoglobin. The mass range (300-2,000) 
was calibrated with NaI for peptide analysis, and a smaller mass 
range (50-100) was used for  each peptide to improve the signal- 
to-noise ratio. 

Acetylation of substance P 

Substance P (4 pg), with or without ssDNA, was acetylated using 
the same conditions as used for acetylation of SSB at pH 8.1. The 
fully modified substance P was separated from the reaction mix- 
ture and introduced to the mass spectrometer source by a RP- 
HPLC C18 microbore  column using a  gradient of 2 to 40% 
acetonitrile in  water with 0.1 % trifluoroacetic acid. 

Derivation of the acetylation kinetic expression 

Protein acetylation with d6-acetic anhydride is a second-order 
reaction: 

d[amine] 
dt 

- kacetylation[AcOAc][amine] 

where [amine] is unreacted amine concentration, kacerylation is the 
observed second-order rate constant, and [AcOAc] is the unreacted 
d6-acetic anhydride Concentration. This expression could not be 
used to determine the rates of lysine acetylation because acetic 
anhydride is rapidly hydrolyzed by water (Kemp & Kohnstam, 
1956). However, an alternate rate expression, which accounts for 
water hydrolysis of acetic anhydride, has been developed. Because 
the acetic anhydride concentration (1.6 or 8.9 mM) is significantly 
greater than that of the amines (7 X 8 pM), loss of acetic anhy- 
dride due to protein acetylation can be neglected and acetic anhy- 
dride hydrolysis is described by pseudo-first-order kinetics: 

where [AcOAcIo is the initial acetic anhydride concentration. 
Substituting Equation 2 into 1, integrating, and rearranging to 

solve for the fraction of labeled amine yields the following exper- 
imentally useful expression: 

rlabled amine1 

To obtain kacetylatlon, the fraction of labeled amine versus time data 
were fit to Equation 3 using Excel 5.0 (Microsoft Corporation) and 
a nonlinear least-squares fit plug-in program called FIT! (Win- 
dowChem Software, Fairfield, California). The value for khydrolysis 
was 0.0045 s ~ I ,  as described in the next section. 

Hydrolysis rate of d6-acetic anhydride 

The rate constant for hydrolysis of acetic anhydride under the 
conditions used  in this study was determined to facilitate applica- 
tion of Equation 2. The amount of db-acetic anhydride remaining 
in solution after exposure to 200 mM HEPES, pH 7.0, for various 
times was determined from the amount of a dipeptide Gly-Phe that 
was acetylated (5.4 mM for 1.6 mM d6-acetic anhydride and 
23 mM for 8.9  mM d6-acetic anhydride). The dipeptide reacted 
with the d6-acetic anhydride for 15 min, a sufficient length of time 
for complete acetylation. The acetylated and nonacetylated forms 
of Gly-Phe were separated on a RP-HPLC C18 column (Vydac) 
using 11 % acetonitrile in water with 0.1 % trifluoroacetic acid. The 
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acetylated and nonacetylated forms of the dipeptide were quanti- 
fied from their UV absorbance versus a standard curve. When the 
hydrolysis time course data set was fit to a single exponential, the 
value for khydrolysis was determined to be 0.0045 * 0.0002 s - I  

(Fig. 5C). 
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