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ABSTRACT. We examine the utility of intramolecular covalent cross-linking to identify the structure present

in the folding transition state. In mammalian ubiquitin, cysteine residues located acro8sstvemds are
cross-linked with dichloroacetone. The kinetic effects of these covalent cross-links in ubiquitin, and
engineered disulfide bonds in src SH3 (Grantcharova, V. P., Riddle, D. S., and Baker, D. F2000)

Natl. Acad. Sci. U.S.A. 97084-7089), are compared to the resultg/ehinalysis where strand association

is stabilized by metal ion binding to engineered bihistidine sites (Krantz, B. A., Dothager, R. S., and
Sosnick, T. R. (2004). Mol. Biol. 337 463—75) at the same positions. The results for the two methods
agree at some of the sites. The cross-linkifig>s"kvalues agree with their correspondipgvalues when

they have both have values of zero or one, which represent the absence and presence of native structure,
respectively. Whemcossink > 4, the apparent inconsistency is rationalized by the difference between
each method’s mode of stabilization; cross-linking reduces the configurational entropy of the unfolded
state whereas metal binding directly stabilizes the native state. However, when the crossdlinkings

are smaller than their correspondiggvalues, the apparent underestimation of structure formation is
difficult to rationalize while retaining the assumption that the cross-link exclusively affects the entropy of
the unfolded state. The interpretation also is problematic for data on cross-links located across strands
which are not hairpins, and hence, these sites are likely to be of limited utility in folding studies. We
conclude that cross-linking data for sites on hairpins generally report on the amount of structure formed
within the enclosed loop while the metal binding data report on the amount structure formed at the site
itself.

A continuing goal of experimental protein folding studies histidine partners. Analogous to mutatiogahnalysis, the
is to elucidate the structure of the transition state ensemblerelative amount of binding energy is quantified @s=
(TSE) in the hopes of understanding the critical steps of IAAG*/dAAGeq The change in kinetic response due to metal
the folding process. To identify regions structurally important binding reflects the difference between the binding affinity
in the TSE, many studies observe the changes in kinetic of the site in the TSE relative to the affinity in the unfolded
response that result from a perturbation. In mutational state. A region that is native-like in the TS will realize
¢-analysis, the perturbation takes the form of point mutations its full metal binding energy in the TSy(= 1), while
engineered throughout the proteir{3). The accompanying  a region that is partially or unstructured in the TS will not
changes in folding rates report on the mutated side-chain’s(0 < v < 1). By bridging the side-chains of two residues
level of energetic involvement in the TS. The extent of distant in sequence but structurally local, metal ion binding
involvement is quantified as the¢-value, defined as the serves as a direct probe of long-range interactions and, hence,
change in folding activation energy relative to the change directly reports on chain topology in the TSE.
in equilibrium stability,p = AAGY/AAGeq Another method designed for exploring long-range inter-

A new methodygy-analysis, employs metal ion binding to  actions and chain topology utilizes covalent cross-links.
engineered bihistidine (biHis) sites as the means of perturba-Engineered disulfide bonds created using bicysteine (biCys)
tion (4—9) (Figure 1). An increase in divalent metal ion substitutions have been utilized in kinetic folding studies
concentration stabilizes the interaction between the two (10—12). Using the unlinked biCys variant as the wild-type
condition, the change in folding activation energy relative
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Ficure 1: Comparison of metal ion binding and cross-linking results. Ub strucBifleand schematic representationsyefinalysis and
cross-linking results. Below the diagrams are illustrations of a biHis binding site and the chemical constituents involved in DCA cross-

linking at a biCys site. The biHis/biCys sites are shown as circles with italic letters; each site was studied individually. The color intensity
represents the value a@f- or ¢-value at each site.

The amount of entropy lost is an indication of the difference the interpretations of the results of the two methods are
between the extents to which the ends of the loop are closedconsistent are the sites that span topologically simple loops
in the TS before and after the introduction of the cross-link. (e.g., a hairpin). Sites at which the results of the two methods
If the loop is unstructured or completely closed in the TS, cannot be reconciled appear to span more topologically
the change in kinetic response is expected geneigfiesdn complicated regions.

value of zero or one, respectively (Figure 2A,B). In addition, the apparent discrepancy likely is due to the
The interpretations of the results of cross-linking experi- different manner in which each method stabilizes the protein.
ments are sometimes at odds with those of the results of|deally, cross-linking stabilizes the protein by reducing the
mutationalg-analysis. In experiments performed in barnase configurational entropy of the unfolded chain whereas metal-
by Fersht and co-workers, the results of the two methods jon binding stabilizes native-like structures where the biHis
present conflicting pictures of the T3Q). As expected, a  sjtes are binding competent. Due to a variety of factors, the
cross-link in a region believed to be unstructured in the TS effects of Cross-"nking may not a|WayS be restricted to the
results only in changes to the rate of unfolding. Contrary to ynfolded chain. When cross-linking affects both the dena-
expectation, however, a second cross-link in a region believediyred and native states, interpretation becomes difficult.
to be structured causes Changes in both the rate of fOldingCross_"nking across t0p0|ogica”y Comp"ca’[ed regions may
and unfolding. The result of the second cross-link suggestsincrease the likelihood that the effect will not just be on the
that a region believed to be structured in the TS based onynfolded chain. We conclude that cross-linking can be an
mutationalg-analysis is not fully structured. Cross-linking  effective tool for identifying structure in the TS if ap-
experiments by Baker and co-workers on src SH3 also propriately placed and interpreted according to the amount

resulted in some ambiguitied). Of the three sites they  of structure formed within the enclosed loop, rather than at
examined, only the results for one site readily conformed to the site of the cross-link itself.

expectations based on mutational work. The results of cross-

linking work in CD2 by Clark and co-workers were similarly MATERIALS AND METHODS

mixed (L2). It is unclear whether the discrepancies between

cross-linking and mutational-analysis are due to interpreta- ~ Expression and Purification of UbiquitinThe biCys

tion of the cross-linking or the mutational data. Kiefhaber double mutants of Ub FA5W were created sequentially using

and co-workers removed two naturally occurring disulfide Stratagene’s QuikChange mutagenesis kit. An additional

bonds in tendamistat and concluded that a local hairpin WasH68N substitution was introduced into all variants for the

formed (L4) although no direct comparison wigvalues purpose of remaining consistent with the previously produced

was performed. biHis variants used for metal ion binding experiments. Two
Here we investigate the suitability of cross-links as probes Variants (sitec and n) were introduced into a previously

of long-range interactions in the TS. We also consider the engineered background containing additional R42H and

utility of the artificial cross-linker dichloroacetone (DCA) V70H substitutions. All proteins were expressed and purified

for intramolecular cross-linking. We find that the cross- as previously describet).

linking results for Ub cannot always be interpreted in a  Expression and Purification for the src SH3 Domdiior

manner consistent with both the picture of the TSE presentedthe src SH3 domain, the nucleotide sequence for residues

by y-analysis and the prevailing model of protein stabiliza- T81—-D141 of c-Src kinase (PDB accession 1FMIS)) was

tion by a cross-link. Our results suggest that the sites at whichobtained from a synthetic gene, introducing a two-residue
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Ficure 2: Interpretation of cross-linking and metal ion binding data. (A) In this example, the region encompassing the cross-link is unstructured
and the biHis binding site is absent in the TS. Although the mode of stabilization is different for the two methods, they should produce
similar outcomes. The energy diagram (bottom) illustrates the effect on the relative free energies of U, TS, and N with no cross-link (black
line) and after cross-linking (red line) or in the presence of divalent metal ions (blue line). The entropic model assumes the effect of the
cross-linker (red lines) to be solely due to the loss of configurational entropy in the unfolded structure. When the structure at the cross-
linked site is not formed in TS, the losses of entropy of U and TS are altered equally, thereby keeping the relative barrier to folding
unchanged ang¢cossink = 0, In contrast, metal ion binding acts only on a native-like structure. When the biHis site (blue lines) is not
formed in the TS, metal ion binding only stabilizes N, increasing the relative height of the barrier to unfolding to produce a yatae of

0. (B) In the situation where the region enclosed by the cross-link is structured and the biHis site formed in the TS, the two methods also
should produce similar outcomes. Cross-linking at a structured region results in no additional loss of entropy in the TS. Hence, only the
entropy of the U state is affected. The barrier to folding is reduced and a valf@sfk= 1 is generated. With the native-like biHis site

in the TS, metal ion binding stabilizes both the TS and N, and only reduces the relative height of the folding barrier topredLiIcgC)

When the biHis site is not formed and the cross-link is located across an unstructured region, but adjacent to native-like structure in the TS,
the two methods may produce different values wititssink> . Due to the structure present within the enclosed loop, the loss of entropy
due to loop-closure is smaller in the TS than in the U state. The barrier to folding is lowerepF'eii can be fraction with a value
approaching unity depending on the location of the structure. Alternatively, the introduction of the cross-link can induce structure formation
up to the cross-link itself, resulting igfrossink~ 1 (red arrow). The outcome of metal binding is similarly variable. Without the binding site
formed in the TS, metal binding initially stabilizes only the native state, leadingyt®e&! bindna~. 0, With an increasing degree of metal-
induced stabilization, the equilibrium in the TS can shift toward the site being formed (blue arrow), leadipeviaee greater than zero.

Gly-Ser N-terminal tail. BiHis variants for metal binding DCA using a modified version of a protocol presented
studies, and the pseudo wild-type background H46N, were elsewhere 19). The reaction was performed on ice to
obtained using QuikChange mutagenesis; residues are numeliminate the occurrence of side-reactions, and all compo-
bered as per PDB accession 1SRLY7)( in accord with nents were prechilled prior to the initiation of the reaction.
previous folding studies1@). Proteins were expressed in Reaction stocks of each Ub variant to be cross-linked were
Escherichia coli extracted from inclusion bodies, and made up in 200 mM triethanolamine buffer, pH 5.5, from
purified by anion exchange chromatography and further by high concentration unbuffered guanidinium chloride (GdmCI)
reverse-phase HPLC. Masses were verified by mass specstocks of the protein. These stocks were diluted to a final
trometry, and proteins were stored lyophilized. Samples for concentration of 15@M with a 0.4x volume of ice-cold
site b (E17H/S25H/H46N) were found to contain a minor 250 mM sodium borate, pH 8.3. The reaction was initiated
population of variants with the unnatural methionine intro- py the addition of four molar equivalents of 100 mM DCA
duced for protein expression uncleaved (20% relative ioniza- in dimethylformamide and allowed to proceed for 30 min.
tion), and were used without further purification. The reaction was quenched by the addition of 50 mM
Dichloroacetone Cross-Linking.he biCys mutants of Ub ~ S-mercaptoethanol. After 30 min, the pH of the reaction
were cross-linked by the bifunctional thiol-specific reagent mixture was dropped to 5.0 with concentrated acetic acid
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and the cross-linked species was isolated by reverse-phasé&l68N); sitesc andn contained additional histidine mutations

HPLC. Successful cross-linking was confirmed by electro-

at R42 and V70. These additional histidine mutations,

spray TOF-mass spectrometry by a change in mass of 54generated to produce a biHis/biCys combination for a

Da.

Kinetic ExperimentKinetic experiments were performed,
as previously described, using a Biologic stopped-flow
apparatus 15). Experiments were conducted at 20, 50
mM Hepes (pH 7.6), and a final protein concentration of
1.5uM. For experiments performed with unmodified vari-
ants, 1 mM of the reductant dithiothreitol was added to all
buffers to prevent disulfide bond formation. Native fluores-
cence from Trp45 (excitation wavelength 28010 nm;
emission wavelength (bandpass filter, 32050 nm) was
used to monitor the folding and unfolding reactions.

complementary study, had no effect on the results of the
cross-linking as determined by comparison of cross-linking

at other sites in both pseudo-WT and biHis backgrounds (data
not shown).

Cross-linking with DCA is possible at locations similar
to those previously tested for engineered disulfides in other
proteins (0—12). For all theS-sheet sites, the DCA cross-
link added the expected 54 Da shift in the molecular weight
according to electrospray mass spectrometry (data not
shown). However, the-helix site could not be cross-linked.
The proximity of the cysteines at thehelix site {, i + 4)

The kinetic data were analyzed using chevron analysis with may cause unfavorable side-chain geometries or the helical

the free energy of equilibrium folding and the activation free
energy for kinetic folding and unfolding\Geq, AG%, and

AG*,, assumed to be linearly dependent on denaturant

concentration:
AG{[GAMCI]) = AG,;,0 — m[GAMCI]
AG*([GAMCI])) = RTIn k"%° — m[GdmCI]
AG' ([GdmCI]) = RTIn k,?° — m [GdmCI]

The slopesam®, my, andm, represent the difference in the

backbone conformation may be intolerant of strain introduced
by the cross-linker.

The cross-linked proteins exhibited varying degrees of

enhanced stability (Table 1). However, none of the cross-
linked proteins experienced stability gains fully consistent
with those predicted by the Flory and Jacobs&tockmayer
theory for Gaussian chains, wherein the entropic cost of loop
closure ofn segments iAS = (—3/2)R In(nz/2) (13, 21,
22). Baker and co-workers also observed discrepancies in
src SH3 (8) while Bowler and co-workers observed dis-
crepancies in their cytochronestudies 23).

Kinetic AnalysisThe cross-linking results have marginal

amount of denaturant sensitive surface area buried betweeygreement with the metal ion binding experiments. Of the

the initial and final states for the transition under consider-

six sites successfully cross-linked, only three sites produce

ation. Parameters were fit using the nonlinear least-squaresne same results ag-analysis (Figures 1, 3, Table 1). These

algorithm available in the Microcal Origin software package.

Experiments with SH3 were performed in 50 mM HEPES,
pH 7.5, 10°C, at a final protein concentration of /4M.
Experiments with metal used 1 mM CeaCland in the
absence of metal, 1 mM EDTA.

RESULTS

three sites, siteb, j, andh, are located across the protein
and exhibit the three general classes of results, unity, zero,
and intermediatec°ssinkvalues. Site is formed across the
B1-82 hairpin. This site’sgssinkvalue of 1.07+ 0.03
indicates that the loop is closed in the TS of the protein
lacking the DCA cross-link. This result is consistent with
they-analysis data which indicated that the hairpin is native-

The interpretation of the cross-linking data is evaluated like in the TS; theyp-values for sitéb and the adjacent biHis

in light of the comprehensive picture of the TSE of
mammalian ubiquitin (Ub) produced hy-analysis 4, 9).
Ubiquitin’'s TSE consists of a topologically native-like core
composed of the carboxy-terminus of thehelix docked
against four partially formed strands of thesheet network

sitea were 1.06+ 0.01 and 1.32t 0.13, respectively. This
outcome is illustrated in Figure 2B.

For sitej, located across thg4-35 hairpin, thegcossink
value is very near zero (0.12 0.09). This result indicates
that the cross-link joins parts of the chain that do not

(Figure 1). Several of the sites on the periphery of this core associate in the TS of the protein lacking the cross-link. The

have fractionaly-values. A fractionaly-value can be
interpreted as a biHis site that either is native-like in a
fraction of the TSE at the level given by tlyevalue or has
weaker metal ion binding affinity in the TSE, or some
combination thereofd, 20). Nonetheless, the five biHis sites

metal ion binding data for siteagrees with this interpreta-
tion, having ap-value also close to zero (0.@20.00). This
outcome is illustrated in Figure 2A.

Finally, siteh, across strand83 andp4 (residues 42
70), has a fractionapeossinkyalue, 0.424 0.04 (Figure 2).

with y-values of unity generate an unambiguous picture of They-value at this site is in good agreememnt € 0.57 +

the TS kernel.
Cross-Linking Seven individual biCys variants of ubiquitin

0.07), although it may be coincidental (see Discussion). The
¢cossinkyalues of the three remaining sites significantly differ

are produced (Figure 1). These sites correspond to a subsefrom their corresponding-values. In two cases, thygrossink
of the engineered biHis metal-binding sites previously used values are lower than expected, giving the appearance that

in the y-analysis study4). The cross-link is created by
substituting a pair of cysteines for the two histidines,

these sites are less structured in the TS than indicated by
their correspondingp-values. One of these two positions,

followed by the addition of a small molecule, dichloroacetone site c, is between strand82 and 3 (residues 668). Its

(DCA), to create a —S—CH,—(C=0)—CH,—S—-C, link-

crosslinkyalue is nearly zero (0.12: 0.09), despite the

age. Six sites are introduced across adjacent strands spanningprresponding biHis site having a substantiatalue (0.52

the f-sheet network while one site is located at the amino-

terminus of theo-helix. All but two of the cross-linked

=+ 0.02). Siteg, which cross-links strand#3 andf4 (residues
44—70), has a fractionalpcossinkvalue of 0.324+ 0.01,

variants are in the background of the pseudo-WT (F45W considerably lower than the-value of 1.25+ 0.04. If site
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locations, the reverse is observed. It is difficult to account

A) B) 14 Site a P for these differences with a single explanation, because one
11-31 " method does not consistently report more structure than the
= o %,,,M“” : other.
© Nevertheless, the comparison to the results of previous
£ e cross-linking studies allows us to generalize the common
® 1 - structural or topological features characteristic of certain
o . . o
= outcomes (Figure 2). Our interpretation is based on the
31-5 “Site b premise that the cross-linking data report on the structure
x formed within the enclosed loop while the metal binding data
c .09 L 1725 ' report on the amount of structure formed at the biHis site
( E 05! ‘k‘iﬂ ) ﬁ:/" itself. The cross-link is assumed to exclusively affect chain
B conformational entropy and have minimal effect on native-
0.01 like structures. In contrast, metal ion binding generally acts
only on native-like structures, stabilizing them once the biHis
-05 site is formed.

0 2 4 6 8
[urea] (M)

FiGURE 4: 1-Analysis on the RT loop of the src SH3 domain. (A)
SH3 structure 16) with prior site of disulfide cross-linking where
gerossink = 0,45 (18) (red line; residues 933) and biHis sites

Although the mechanism is different, the interpretation is
likely to be the same when both tiéossinkand they-values
are either unity or zero (Figure 2A,B). When thossink
value is unity, the cross-link joins segments of the chain that
employed in this study (blue fines): sieresidues 1431: siteb already are associated in the TS of the unlinked version of
resi%lugs 1725. (B) Dt)elnaturant dependence of folding rates in the t_he p.rot.em.. This mterpretatlpn IS con_S|stent with a nat!ve-
presence of 1 mM EDTA (black points), and in the presence of 1 like biHis site that is formed in the entire TS ensemble, i.e.,
mM CoCl (gray points). Curves are simultaneous chevron fits to a-value of unity. In addition, a unitg®ssinkyalue could
the 0 and high metal datasets, yielding the kinetic and thermody- also be observed at a site that is formed in the entire TS
namic parameters summarized in Table 2. The outcome with a near-ensemple but which has a fractionaivalue due to a weaker
gecro y-value and fractionaj™=value is presented in Figure metal ion binding affinity in TS than in the native state. When

' the geossink_yalue is zero, the cross-link brings together the

Another biHis site is inserted at residues 17 and 25, a site®"ds of a loop that are unstructured in the TS of the
closer to the turn in the RT loop. Here, metal binding unmodified protein. Again, this interpretation is consistent
primarily affects the folding rate. Hence, residues 17 and with a biHis site that is absent in the entire TS ensemble

25 are forming a biHis site in a significant fraction of the and has aj-value of zero. ,
TSE. This result, in conjunction with the small relative ~ Cross-Linking and TopologyVe believe that the outcome

change in folding rates for the biHis site at residues 11 and ©f & cross-linking experiment is dependent upon the topology
31, rationalizes the fractionaFossigbserved at residues 9 of the region enclosed by a cross-link and the number of
and 33. Although the ends of loop are largely unstructured, secondary structural_elements enclosed_ in the loop. The
some amount of structure is formed interior to the disulfide 'esults for the three sites that span lggdtairpins were the
bond. This structure reduces the entropy of the enclosed chaifn0St consistent with both thg-analysis results and the

so that the stabilization imparted by the disulfide cross-link @Ssumption that cross-links stabilize proteins by exclusively
is diminished. As a result, a fractionaf™sinkis expected affecting the unfolded states entropy. The topology of the
consistent with the observed value of 0.45. This situation is '€9ioNs enclosed by the cross-links at these sites corresponds

similar to the results for Ub site, and the relevant energy (€ the “single loop topology” described by Thornton for many
diagrams are depicted in Figure 2C. naturally occurring disulfides2g), wherein the cross-link

closes off a native loop consisting of a single 1&bain
reversal and no more than two secondary structural elements.
For two of these “single loop” sites, sitbsndj, thegcossink

Cross-links have been used as a probe of long-rangevalues of nearly 1 and 0 are essentially identical to their
interactions in the TS, but some results have proven respectivey-values of 1.06+ 0.01 and 0.02+ 0.00. As
problematic for interpretation1(0—212). Our interpretation discussed above, theg&°ssinkvalues andp-values can be
of the DCA cross-linking data for Ub benefits from the interpreted identically. Thecossinkvalue andy-value of
extensive characterization of Ub’s TSE pyanalysis, as well  unity observed for sité can both be interpreted as evidence
as the results of previous cross-linking studies on other that the31-52 hairpin is formed in the TS. Thg¢rossink
proteins including src SH3 where we have applig@nal-  value of zero observed for the cross-link at giiadicates
ysis. By examining sites where both cross-linking and that the loop formed by strangi& andp5 is unstructured in
y-analysis have been applied, we have more information the TS. This result is consistent with the two near-zero
with which to interpret the cross-linking results. y-values on this small hairpin.

There is little reasom priori to expect that the results of Along with site b, site n spans strandgl and /2. The
cross-linking will disagree with the results of metal binding. near unity ¢®°ss"kvalue appears inconsistent with the
However, a comparison highlights the apparent inconsisten-fractional y-value observed for this site (0.5& 0.06).
cies between the results of the two methods (Figures 1 andHowever, the two results can be rationalized after accounting
2). In some locations, cross-linking suggests more structurefor the two methods’ different modes of stabilization. The
is formed in the TS than metal binding does while at other fractionaly-value may be interpreted as either a biHis site

DISCUSSION



Structural Probe of the Protein Folding TS

Biochemistry, Vol. 46, No. 48, 200713717

Table 2: Kinetic Parameters for Divalent lon Binding in src 3H3

site mutation RTIn(ks) (0 M) RTIn(ky) (5 M) n my AAGH AAGegq
a V11H-R31H 0.47+ 0.03 0.43+0.01 —0.544+ 0.05 0.20+ 0.01 0.13+ 0.04 —1.154+0.03
1 mM Co*t 0.34+ 0.07 —0.85+0.09 —0.514+0.02 0.20+ 0.01
b E17H-S25H 0.96t 0.01 0.098t 0.01 —0.444+0.01 0.19+ 0.01 —0.15+ 0.02 —0.104+ 0.02
1mMCot 1.12+ 0.03 0.15+ 0.04 —0.41+0.01 0.20+£0.01

2To minimize extrapolation errors, values fAIAGf* and AAGeq upon the addition of 1 mM Co¢ are obtained from the change in kn

and Ink, at 0 and 5 M urea, generated from a simultaneous fit to the two relevant chevrons, with the parameter of interest being one of

the fitting parameters. Units are kcal mbl(free energies) or kcal mol M~ (m-values). All mutants produced in pseudo-WT background of

H46N.

that is always structured in the TS but in a non-native binding
geometry or a site that is only fractionally populated in the
TS with native-like binding affinity. If the site is fully
populated but with a non-native binding affinity, the near
unity ¢cossinkyalue observed at this site is expected. For a
biHis site to be metal binding-competent, even if in a non-
native geometry, it is necessary for the individual histidines
to be in proximity. The introduction of a cross-link to this
already closed loop would not further reduce the configu-
rational entropy of the TS. As a result, tigg°ssnkvalue

formed toward the turn while the strand ends themselves are
not specifically associated. As a result, a near-zenalue

is measured for sita at the base of the loop, while a
fractional ¢p°°ssinkvalue is measured near this sigergssink

= 0.45) due to loop closure providing only an intermediate
entropic benefit. This example represents another instance
in which cross-linking at an unstructured site adjacent to a
partially structured region in the TS results inpgossink
value that is greater than the correspondipgyalue. In
addition, as suggested above and by Baker and co-workers,

should be unity. Therefore, both measures report that strandghe stabilization provided by the cross-link shifts the equi-

Bl and 2 are associated in the TS, while thevalue
conveys additional information about the conformations of
the histidine side-chains.

Alternatively, the fractionaly-value observed for sita

librium, increasing the structure formed in this region in the
TSE.

Results for cross-links located at “single loop topology”
sites prove the most straightforward to interpret. Fesslink

could be interpreted as a site that is fractionally populated values measured for these sites are identical to or greater
in the TS. They-analysis data at sitesandb, as well as than their corresponding-values. Most significantly, the
the current cross-linking results, unequivocally indicate that interpretations of the cross-linking results for these sites are
the hairpin is formed in the TS. Therefore, the loop formed consistent with the interpretations for the metal-binding
by this hairpin is nearly closed in the TS. If siteis results. Furthermore, the interpretations of the results for
fractionally populated in the TS, then the strands are only “single loop” sites are consistent with the assumption that
minimally separated at the open end of the hairpin and only cross-linking stabilizes the protein by reducing the entropy
some fraction of the time. Hence, the introduction of a cross- of the unfolded chain. Cross-linking data at these sites report
link at the end of the pre-existing hairpin results in only a on the amount of structure contained in the enclosed region,
small loss of entropy in the TS. As a result, the observed irrespective of whether the loop ends themselves are closed
gcossinkshould be near unity for this site, even if this end of in the TS or not. This is in contrast to metal binding that
the hairpin is only fractionally populated and exhibits a reports on the interactions of the specific residues at the site

fractionaly-value. This scenario is diagrammed in Figure
2C.

As just described for th81-52 hairpin, cross-linking can
result in values ofgcssink that are greater than their
correspondingy-values. Generally, cross-linking at a site

examined.

Nonlocal Cross-LinksThe remaining cross-linking sites
examined are topologically similar to what Thornton terms
“nonlocal” cross-links 26). These sites cross-link sequence
distant residues and close large loops that encompass three

adjacent to a region that is native-like in the TS represents or more secondary structural elements. Hi€ssinkvalues

one such circumstance. Additionally, for a region that is
fractionally populated in the TS, the introduction of a
cross-link will stabilize the region and increase the fraction
of time the biHis site is formed. For example, a cross-link
that stabilizes a site by 1.4 kcal mélwould shift the
equilibrium for the formation of that site by a factor of

for these sites are mostly smaller than their corresponding
w-values. Unlikegcossinkyalues that are greater than their
correspondingp-values, it is more difficult to reconcile these
¢eossinkyalues, especially within the framework used to
interpret the results for the “single loop” sites.

For no site is this difficulty more pronounced than for

10. The site would then be more populated in the TS and nonlocal siteg. The cross-link at this site spans straift¥s

result in agcossink that is greater than the corresponding
y-value.

Metal ion binding experiments performed with src SH3
provide supporting evidence for our interpretation of the
underlying mechanism for situations wheggrossink >
y-value. As with Ub siten on the31-52 hairpin, the cross-
linking results on the RT loopl@) indicate that it is more
structured than indicated by the metal ion binding results.
The y-values measured at the base (sifeand farther up
the loop (siteb) indicate that some amount of structure is

and 4 and closes a loop that contains over thirty residues
and encompasses thrgestrands and a small;@ helix.
According to the metal ion binding data, this site is fully
native-like in the TS with ay-value of 1.25+ 0.04.
However, thegcossinkyalue of 0.324 0.01 indicates that
far less structure is formed in the TS. Given the unambiguous
interpretation of ap-value of unity, it is likely thatpcrosstink
value for this site is inaccurate or flawed.

One possible explanation for the observed fractional
¢cossinkyalue is that the cross-link has a destabilizing effect
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on the native state, possibly due to conformational strain or values. A site with a fractionaly-value in Ub yielded a

steric interference. This effect may be mitigated in the TS

by less constrained native-like structures or better accom-

modated due to TS relaxation. If the native state is
destabilized by the introduction of the cross-link, then both
the barrier to folding and the barrier to unfolding will be

altered. As a result, a fractionglssirkyalue would be

goosslinkyalue near zero, while another site withyavalue
near unity resulted in a fractionafoss"kvalue. If these are
general trends, far morgcossinkyalues of unity would be
expected at “single loop topology” sites than at the nonlocal
sites.

The cross-links in all three of the previously studied

observed, although the region probed is native-like and the proteins, barnasel(), src SH3 18), and CD2 (2), were

loop is closed. This explanation abandons the assumption

that the effect of cross-linking is restricted to the unfolded
chain and that any effect on native or native-like structures
is benign. While the exact nature of the effect is unclear, it

seems reasonable to abandon the assumption in this cas

based on the strength of the interpretation af-zalue of
unity. Further evidence of the unsuitability of this cross-
link for identifying structure in the TS is the altered
and m, values observed in the chevron data (Figure 3 an
Table 1).

Thegcrossinkyalue for a second nonlocal site, sitds also
considerably smaller than its correspondipgyalue (0.12
+ 0.09 versus 0.52 0.03). Bridging strandg2 and /33,
site ¢ closes the largest loop of any of the sites examined.
Despite this fact, site appears to gain little stability as a
result of the cross-linking. The small change in stability

observed for this site is unusual and suggests that this resul

is unreliable. The interpretation of the cross-linking result
for this site is not easily rationalized and certainly cannot
be reconciled with the interpretation of the metal binding
result.

The fractionalgcrossinkyalue for siteh, the last nonlocal

site examined, appears to be consistent with its previously

reportedy-value (0.42+ 0.04 versus 0.52 0.07). Like
site g, site h cross-links strand$3 and 4. Given the
significant changes observed to the chevimop and my-

achieved by means of engineered disulfide bridges. The
linking sites in these proteins were all located acfpsheets

or flexible loops. Two-thirds (12 of 18 sites) of the sites
examined in these proteins match the criteria for a “single
E)op topology” site. Of the 12 “single loop” sites, six sites
had ¢cossinkyalues of essentially unity while one site had
¢erossinkyalue of zero. Of the remaining five sites, two (sites

q9 andl in CD2) were found to destabilize the protein when

cross-linked 12). A third site in CD2, sitem, had the
equivalent of a fractionapcoss"kyalue. Sitem is adjacent

to sitel, which was one of the two destabilizing cross-links.
Although sitem closes a “single loop”, an artifact arising
from a destabilized native state could still account for the
fractional result at this site. A fractionafossinkyalue was
also observed for the cross-link across the base of the RT

{oop of src SH3 domaini{l). However, as already discussed

comparison to metal ion binding data for this site reveals
that this result fits the pattern observed for sites in Ub and
is consistent with our interpretation. The final “single loop”
cross-linking site is located between residues 85 and 102 in
barnase 10). The result for this site is also fractional. The
cysteine substitution at residue 102 is located if-t@rn

and could potentially affect the native state adversely,
resulting in a fractionafpcossinkyalue.

In the same three proteins, eight sites were examined that

values, it seems likely that the apparent consistency of theclose large, topologically complicated loops. Mggosslink

results of the two methods is merely a coincidence for this
site.
Although the sites examined were few, the interpretation

values of unity were observed at these sites. Cross-linking
at one of the sites, site in CD2, destabilized the protein
(12). For a “nonlocal” site in barnase, cross-linking resulted

of cross-linking data for nonlocal sites poses a greater in a¢®ss"values of zero. The cross-links at the remaining
challenge than the results of the “single loop” sites. The sites resulted in fractionapcossinkvalues. Although this
gerossinkyalues measured for two of the three nonlocal survey of past results is not conclusive, the trends observed
sites examined are smaller than their corresponding conform to our expectations. A more extensive comparison
y-values. An explanation for this discrepancy is that these of the results of cross-linking to those of metal binding is

cross-links have an adverse effect on the native state. Therequired to confirm these observations.

exact nature of this adverse effect is not clear. A variety of
factors may contribute, including conformational strain or
steric interference. Overall, caution is advisable when
implementing and interpreting cross-linking results for non-
local sites.

Comparison with Preious Kinetic Cross-Linking Studies.

CONCLUSION

With the extensive characterization of the long-range
contacts formed in Ub’s TS using-analysis, we are well
positioned to evaluate the utility of cross-linking in identify-

The results of the current experiments have revealed someng structure in the TS. The differences between the two

potential idiosyncrasies in the way cross-linking reports on
the folding TS. It is beneficial to consider the results of
previous kinetic studies of cross-linking for corroborating
or contradicting evidence. The results of cross-linking
across “single loop topology” sites tend to be skewed
toward highergcossinkyalues. For example, a site with a
y-value of zero in the src SH3 resulted in a fractional
gcrossinkyalue, while a site with a fractionap-value in Ub
resulted in apcossinkvalue near unity. The results of cross-
links across the more topologically complicated nonlocal
sites, on the other hand, appear to skew toward |gfresgink

methods primarily arise because of the fundamentally dis-
similar means of protein stabilization. Because of its
ability to selectively stabilize native-like structure once
it is formed, metal ion binding provides a more refined tool
for identifying the structure present at a particular site in
the TS. Cross-linking is a more coarse-grained tool that
appears to be reliable only on local hairpins. In these
situations, cross-linking provides information about the loss
of configuration entropy of the loop, which is affected by
the existence and location of structure enclosed by the cross-
link.
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