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ABSTRACT. Correct selection of domain boundaries is critical for structural analysis of single domains
from multimodular proteins. Folding and stability studies of the third fibronectin type Ill domain from

human tenascin (TNfn3g0) have shown that it is moderately stab,lleC{,'gz_oN ~ 5 kcal mol?) and folds

with two-state kinetics. In an attempt to stabilize the protein, five domains were constructed with different
combinations of extensions to the N- and C-termini. Thermal denaturation studies show that a specific
two amino acid (Gly-Leu) extension at the C-terminus is primarily responsible for a significant increase
in stability. TheAAGBZ_ON of the Gly-Leu extension (TNfn3gy) is 2.7 + 0.3 kcal mof?!. Refolding

kinetics do not differ significantly, but unfolding is slowed 40-fold. Mutation of leucine 92 to alanine
does not affect stability, indicating that the stability of the extension does not come from the packing of
the leucine side chain. Hydrogen exchange data suggest that the extension adds new hydrogen bonds
and strengthens existing hydrogen bonds in the C-terminal interaction with-tfi&2 ahd E-F loops.
Removal of a very small number of hydrogen bonds substantially increases the unfolding rate, a
phenomenon which may be important in stress-relaxation of FNIII-containing muscle proteins such as
titin. These experiments demonstrate the importance of a small number of additional long-range interactions
in the overall formation of a compact independently foldfxgheet module.

Many protein folds are very common in natur@).( sequencing or mass spectroscopy of the resulting fragments
Perhaps the best example is the immunoglobulin superfamily (7), or crystallization trials of differing domain length8)(
(IgSF) fold (2—4), which includes proteins with a simple can also identify complete domains. Previous studies of
sandwich of twgs-sheets such as the immunoglobulin (Ig) isolated Ig modules from the giant IgSF assembly titin have
and fibronectin type Il (FNIII) families. IgSF domains are highlighted the importance of selecting correct boundaries
often found in multimodular proteins as a ‘string’ of in multimodular IgSF assemblie9,(10.
consecutive domains5). An important question is the We have previously characterized the folding and stability
following: What factors precisely define a single module of the third FNIII domain from human tenascin (TNfn3)
within these multimodular assemblies? Also, what are the and shown it to fold via a simple two-state process to a native
boundaries and why? Which interactions are important at state with aAGBEON of 5.3 + 0.5 kcal mot! (11). The
the domain boundaries and how do they affect the stability, domain is 90 amino acids long; the boundaries were chosen
folding kinetics, and dynamics of the isolated module? i reference to the published crystal structut@)( Here

To identify domain boundaries, several methods can be we investigate the domain boundaries of TNfn3 further and
employed. Sequence alignment of homologous domains, inshow that the domain is too short for optimal stability. We
combination with a structural database, is a common andexamine in detail the domain extended by two residues at
powerful method. The gene sequence may reveal intron the C-terminus (TNfnd.e;) and characterize the effect of
exon boundaries that often naturally delimit domains as they this extension upon the equilibrium stability, folding, and
are shuffled throughout evolutio), Limited proteolytic ~ hydrogen exchange kinetics. In combination with an NMR
cleavage of a multimodular protein followed by N-terminal  dynamics and residue-specific titration study to be reported
elsewhere (A. E. Meekhof, S. J. Hamill, V. L. Arcus, J.
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obtained from BDH, Fisons, or Sigma. Restriction enzymes Unfolding To determine the unfolding rate constant
and T4 DNA ligase were obtained from New England accurately over a range of urea concentrations, the temper-
Biolabs, and Pfu polymerase was from Stratagene. ature dependence of the unfolding rates was studied at several
Construction of Extended Domainghe five extended  different urea concentrations over a temperature range-of 30
TNfn3 domains were constructed in two stages in an iterative 64 °C. These data were then analyzed by extrapolating plots
fashion. The following naturally occurring amino acids were ©f In k, versus temperature to 2&. By extrapolating over
added to residues—190 [originally designated as residues the full range of urea concentrations, an accurate value in
802-891 in the crystal coordinate$d)]; ext C2, two residue  the absence of ure#*°, could be determined.
(Gly-Leu) extension at the C-terminus; ext C4, four residue  NMR HPH Exchange. H and N chemical shifts of
(Gly-Leu-Asp-Ala) extension to the C-terminus; N4, four TNfn3;-g, backbone amide groups were obtained through a
residue (Val-Thr-Thr-Thr) extension to the N-terminus; series of triple resonance experiments at pH 5.0'HAN
C2N4, combination of the C2 and N4 extensions; C4N4, HSQC collected at pH 7.0 was sufficient to confirm peak
combination of the C4 and N4 extensions. Extension was assignments at the higher pH used for exchange experiments.
performed by PCR using primers which encode the extra For NMR exchange experiments, the exchange buffer was
sequence and also aBanmHI andEccRl restriction enzyme 100 mM deuterated imidazole?h 7.0 [where BH = p?Hieaq

sites to allow cloning into the vector mini-pRSET-A1). + 0.4 (13)], containing 0.05% sodium azide. Fifteen
DNA sequencing of all the extended genes was performedmilligrams of lyophilized uniformly*>N-labeled protein was
in both directions. dissolved in the exchange buffer, (final concentratiod

Site-Directed MutagenesisThe mutation L92A was MM), centrifuged, and transferred to an NMR tube. 1§cqui-
created using the Stratagene Quikchange mutagenesis kitSition of gradient-selected sensitivity-enhanctd—*N
A silent BsaHI restriction site was added near the mutation HSQC spectra was started immediately on a Bruker AMX500

site to identify mutants, which were then sequenced in both SPEctrometer, with an average dead-time of 5 min. Spectra
directions. were acquired at regular intervals with decreasing frequency

for several weeks. NMR samples were kept at %5
throughout the study. The finaPig did not vary by more
than 0.05 gH unit. The spectra were processed as described
previously (4).

Protein Expression and Purification. Escherichia coli
strain BLR DE3 was transformed with the plasmid pTEN1,
which is the TNfn3 gene cloned into a His-tag vector and
grown as previously describetll). To preparé®N-labeled
samples, cells were grown in minimal media (M9) witN- Analysis
labeled ammonium chloride as the sole nitrogen source. The
protein was extensively dialyzed against deionized water and  ¢-Value Analysis.As described fully elsewherd %, 19
stored in liquid nitrogen. It should be noted that purification a ¢-value for folding,#r, can be determined, from analysis
using this His-tag method adds two residues, Gly-Ser, to the of mutant proteins, for a two-state system from eq 1:
N-terminus.

Urea Denaturation. Unfolding was monitored by the b = AAGp+
increase in fluorescence at 357 nm upon unfolding (excitation f AAGy_
280 nm). Protein was mixed to a final concentration of 1
uM in urea solutions in 50 mM buffer (sodium acetate buffer, where AAGp—+ is the change in the free energy difference
pH 5.0, 35 mM sodium acetate, 15 mM acetic acid). The between the denatured (D) and transitibnstates for folding
solutions were left to equilibrate at 20 or 26 for at least upon mutation. AAGp—+ = —RT(k/K's), andk; and K’y are
1 h before measurements were recorded in thermostatedefolding rate constantst & M denaturant, for wild-type
cuvettes. The fluorescence data were analyzed as describeend mutant proteins, respectiveRjs the gas constant, and
previously (L1). T is the temperature in degrees kelvin. ¢ivalue of 1

Thermal Unfolding Monitored by CDAIl CD measure- indicates that the interaction in question is fully formed in
ments were performed using a JASCO J-720 instrument, the transition state for folding. &-value of 0 means that
using protein at %M in 50 mM sodium acetate buffer, pH  the interaction is not formed in the transition stet@)( The
5.0 (35 mM sodium acetate, 15 mM acetic acid)ai2 cm ¢ value for unfolding 4., whereg, = AAG:n/AAGp-n, is
path length cuvette. Thermal denaturation was monitored calculated in exactly the same fashion, substituting the
at 230 nm. The temperature was controlled by a Neslab unfolding rate constants, and can be used to defifeom
RTE-110 water bath, with a rate of temperature increase of unfolding data bygr = 1 — ¢..

50 °C/h. CD data were analyzed as described previously NMR HPH Exchange Analysis At sites in the protein
(12). where the structure is not directly affected by the extension,

Refolding. Folding was monitored by changes in fluo- AAGex the change in free energy for exchange upon
rescence as described previoudg)( Data collected from ~ Mutation is determined using eq 24j:
at least four experiments were averaged. Unfolding traces
were fi_tted toa single-exponential_function_. Refolding traces AAG,, = —RTIn & )
were fitted to a double exponential function, and the faster K ox
rate was taken as the observed refolding rate constant as
described 11); rate constants determined from regions where wherek is the rate constant for exchange of the proton in
the fast rate merges with the slower proline-limited phase TNfn3;-go and K¢ is the exchange rate constant in the
were discarded. A term was included to account for base extended protein. In this analysis, we make the assumption
line instability. that, under these relatively benign conditions {€5pH 7.0),

1)
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) Table 1: Thermal Stability of TNfn3g and Extended Domains
5 O wild type TNin3
E xt C2 i ° °
5 — th Cong protein meamny (°C) ATn (°C)
0F — o extCa wild type (TNfn3,—g) 57.1+0.1 -
o — :’)‘d‘ 'é:m ext C2 (TNfn3-gy) 64.4+ 0.1 +7.3+0.1
5B A ext C4 63.0+ 0.1 +5.9+0.1
> B enCELeEA ext N4 58.8+ 0.1 +17+01
‘© 10 F ext C2N4 65. 4 0.1 +8.6+ 0.1
'*3_ £ ext C4N4 64.2+ 0.2 +7.1+0.2
= 15 = TNfn3;-9-L92A* 64.7+0.1 +7.6+0.1
LL' - f—
C aAll Ty, values are the mean of three determinations except for the
20 £ protein marked with an asterisk which was performed once. Errors
C reported are standard errors of the mean except for * is the standard
25 - error of the single curve fit.
-30 b ' Table 2: Stability of TNfn3_g5, TNfn31_g, and TNfn3_o-L92A
325 330 335 340 345 350 Determined from Urea Denaturation
Temperature (K) AGHO b AAGHS,
Ficure 1. Thermal denaturation of TNfa3y and extended protein/ conditions [ureads (M) (kcal mol?) (kcal mol™)
domains monitored by CD. Thermal denaturation monitored by TNfn3.o¢ (20°C), pH 5.0 3.78: 0.04 4.76£0.11 —
ellipticity (arbitrary units) at 230 nm. A typical raw trace is shown  TNfn3, o, (20°C), pH5.0 5.9+ 0.04 7.44+0.14 2.68+0.18
for the TNfn3—go transition; for the other proteins, the curve fitis  TNfn3; o (25°C), pH 7.0 3.32+ 0.1
displayed. TNfn3;-92(25°C), pH 7.0 4.52+0.05 5.69+0.13 2.37+0.21
TNfn3;-92(25°C), pH5.0 5.3140.12 6.68+ 0.18
N31-92-L92A (25° ), 5.284+0.03 6.65+ 0.13 —0.03+0.13

protons in TNfn3 exchange by the commonly observed EX2 TNfH 50
mechanism in which the exchange rate is proportional to the P .
equilibrium between the exchange-competent and incompe- . : f’;%”‘fr% %gofcglf trr]‘qeoﬂat,a f‘lre[g;‘l’flﬁ:t :&’e{%%qml"f'%?ﬁgrgm
tent forms (8—22). A simple test of the exchange mech- expe'rimems (range 1-0L.6)] has been used to calculateGl,
anism is to compare exchange rates at two different pH ) s using the equatiom\GH22, = m[urealos (47). © Data from
values R0, 23. The stability of TNfn3 varies significantly  (11) recalculated usingiO= 1.26 + 0.05.9Value derived from
over the pH range 57 (11) so this test cannot be applied. extrapolation of DSC datal(), AH, = 63.24 kcal mot! andAC, =
However, the calculated intrinsic exchange rates for tenascin1.19 kcal mot* K™
(24) are lower than the value fd¢"° obtained by refolding
experiments and thAAG. value that we obtain from for AGHZON was calculated usmg an a\/eragﬁd/ahje (nC)
exchange closely matches that obtained from urea denaturfrom several equilibrium unfolding curve®®). There is
ation (see Results). It is therefore reasonable to assume amn increase in stability at pH 5.0 and 26 of 2.7 + 0.2
EX2 mechanism. kcal mol2, As for TNfn3, g, the TNfn3_g, equilibrium
unfolding data fit to equations describing two-state equilib-
RESULTS rium unfolding.

Thermal Denaturation.To determine precisely the correct Folding Kinetics. The folding and unfolding kinetics of
domain boundaries, a series of five different extended TNfn3,-¢, were initially studied at 20°C at pH 5.0. In
domains were constructed by PCR: ext C2 (two residue comparison to TNfndg (11), the folding rate of the
extension to the C-terminus), ext C4, ext N4, ext C2N4, and stabilized domain changes very little, with a folding rate
ext C4N4 (four residue extension to both the C- and constantm O M urea of 6.0 s*. In contrast, there is a
N-terminus). Each extension added the amino acids in thesignificant reduction in the unfolding rate such that the
neighboring tenascin domains as listed in the Swiss-Protprotein takes over an hour to unfold completely in 7.5 M
database2b). urea at 20C. The temperature for folding studies was raised

To assess relative stability, thermal denaturation was to 25°C to speed unfolding to a manageable rate. It was
monitored by CD. The far-UV CD spectra of all the still difficult to study unfolding at 25°C due to the high
extended domains are identical to the wild type spectrum, [ureakos (5.3 M at 25°C)—the unfolding amplitude only
and denaturation was monitored at 230 nm where the reaches 100%t&8 M urea. Thus, the temperature depen-
maximal difference between folded and thermally denatured dence of unfolding was analyzed over the temperature range
protein is observed (Figure 1, Table 1). Extension of 30—64 °C in regions outside the transition zone at each
TNfn3,_go can significantly increase th&,. Stabilization ~ temperature. Unfolding rate constants at Z5 for eight
appears to be specific to a two-residue extension at thedifferent urea concentrations were determined by extrapola-
C-terminus. This raises tf#&, by 7.3°C whereas extending  tion from the higher temperature data (Figure 2). These data
the N-terminus by four residues increases Theby only fit well with the unfolding data collected at 2% above 8
1.7°C. Addition of a further two residues at the C-terminus M urea and improve extrapolatiom 0 M urea to obtain
actually lowers theT,, again. Based on these results, ext kﬂzo.

C2 (TNfn3_g2) was studied in more detail to determine the ~ Mutation of Leucine 92 to AlanineThe stability of the
basis for the significant effect on stability of a small mutation TNfn3_9-L92A was analyzed by thermal and urea
extension. denaturation to determine whether the hydrophobic packing

Stability of TNfn3-g,. The stability of TNfn3_g, was of the Leu-92 side chain contributes to the observed stability
determined using urea denaturation (Table 2), and a valueincrease (Figure 1, Tables 1 and 2). The [wgaand the
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1 DISCUSSION

The thermal stabilization observed in TNfn3 is specific
for extension of the C-terminus by two residues. N-terminal
extensions have little effect, and further extension at the
C-terminus is unfavorable (Table 1). Measurements by urea
denaturation and hydrogen exchange combine to giké a
GH2, value for TNfn3_q; of 2.4—2.7 kcal moll. We use
several techniques to assess the reasons for the increased
stability.

Comparison of TNfn3g, with L92A Mutant. The question
of whether the extension is stabilizing due to addition of
hydrophobic packing can be addressed by replacing the

llllllIllllllllllllllllllll

_5 llI!llIIlIl]IllIlII'III

leucine added at position 92 with a smaller side chain
44 48 52 56 60 64 , . .
82 3 40 . (alanine). The mutant TNfn3y,-L92A has an identical
Temperature (°C) AAGES, and Ty, to TNf3,-g; (Tables 1 and 2). This
FiGURE 2: Temperature dependence of unfolding of TNfrg indicates that the leucine side chain does not pack signifi-

Plot of the natural logarithm of the unfolding rate constant against cantly and that any extra stability due to hydrophobic packing

temperature over a range of urea concentrations and temperature - L -
The unfolding rate constant at 2& for each urea concentration s derived principally from the packing of the backbone

was determined from extrapolation. atoms.
Hydrogen ExchangeHydrogen exchange enables us to
T of L92A are the same, within error, as for wild-type distinguish not only global effects, but also local effects of
TNfn3;—gy. the extension on stability. The C-terminus is involved in
A important interactions with the-B- loop region within the
Hydrogen Exchange Kineticst pH 7.0, 37 TNfn3-so G-F-C-C -sheet (sheet 1) and is also near theB\loop
and 34 TNfn3-s; amide protons exchange with solvent region in the A-B-E sheet (sheet 2, see Figures 4 and 5)
deuterons within the 5 min deadtime of the exchange 9 ' 9 i

: . >~ Residues adjacent, in the tertiary structure, to the terminus
experiment. Rate constants for exchange for the remaining

. . in TNfn3;-g0 have hydrogen exchange rates that are slowed
48 and 53 amide protons could be determined for ThVR3 significantly on extension (Table 3). These include residues

and TNf3o, respectively (Table 3). The pattern of 15 3n4 17in the AB turn and residues 65 and 66 in the
protection observed is typical for g-sheet protein. The g_p loop. Residue 16 shows no protection in TNfng

amides of the three interngisheets, B, C, and F, are almost ;¢ js significantly protected in the extended form. [This

all protected, and there is a binary pattern of protection to ¢oyd, however, reflect exchange broadening of the HSQC
nonprotection in the four edge strands. There is less cross-peak in the shorter form, due to conformational
protection of loop amides; some notable exceptions include exchange (A. E. Meekhof and S. M. V. Freund, unpublished
side chain hydrogen bonding to tRebulge in strand G and  data)]. Residue 17 has®AGe, consistent with a globally

the tyrosine corner H-bond in the— loop. In general,  exchanging residue. As the amide proton is protected by a
the exchange rate constants mirror the increased stability ofmain chair-side chain hydrogen bond, this would be an
TNfn3;-g2, which exchanges more slowly than TNing. unlikely explanation for the significant slowing of exchange

Certain amide protons which disappear within the deadtime on mutation. The results imply a stabilization of the-B

of the TNfn3_go eXchange experiment are observed in the turn by the extension. The NH of residue 65 exchanges very
TNfn3,-g; experiment, and exchange rates are determined.rapidly in the short domain, but slows very significantly in
Notable inclusions in this group are residues 90 and 91 atthe longer form. The rapid exchange rate of this proton in
the C-terminus and residues 16 and 65 from theBAand TNfn3;-90 makes it highly unlikely that the highAGey is
E—F loops which contact the C-terminus. For residues due to effects on global unfolding; rather, this is a local effect
observable in both forms, the change in free energy for Of the extension. Residue 65 has no hydrogen bonding

exchange for each residuAGe,, was calculated (Table 3  partner in TNfn3.9. To assess whether new hydrogen
and Figure 3). bonds are created, use can be made of the several crystal

structures of FNIII domains available.

Comparison of TNfn3 with Other FNIII Domainsln
choosing the correct domain boundaries, much use can be
made of structural alignments. For instance, in the case of

The values 0AAG fall into three groupsi4, 27). Those
where theAAGe is very close to zero exchange by local
unfolding motions (13 amides); these local unfolding reac-
tions are unaffected by mutation. Those where MG one of the shorter titin IgSF domains, it is clear from

IS clo';sg to the full change in the fre_e energy of unfgldlng, structural alignments that a hydrophobic core residue was
AAGpZy, exchange by global unfolding of the protein (26 gejeted in the original construd,(28, 29. It is interesting,
amides). In the third group, th@AGe is intermediate in herefore, to compare the structure of TNfn3 with other FNIII
value, and residues exchange by a mixture of local “breath- gomains. A structural alignment with 10 FNIII domains
ing” and global unfolding (8 amides). From the 26 values shows that the equivalent residue to TNfn3 position 92 never
of AAG, obtained from the globally exchanging residues, packs into the core. The equivalent stabilities of TNfr3

a mean value 0AAGe, Was calculated as 2.5& 0.03 kcal ~ and the L92A mutant, and the lack of NOEs to Leu-92 side
mol~ (range 2.6-2.7). This is close to thAAGBZ_ON value chain protons (A. E. Meekhof and S. M. V. Freund,
of 2.37+ 0.21, obtained at pH 7.0 (Table 2). unpublished data), substantiate this.
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Table 3: Rate Constants for Hydrogen Exchange of Amide Protons in TNfé@nd TNfn3_g; at PPH 7.0, 25°C

location of H-bond TNfn31-g0 TNfn3-92 AAGe?
residue H-bond partng&r (donor-receptor) (min-1) (min1) (kcal molt)
6 23CO Ba-Be 4.33x 10! 4.89x 10! 0.07
8 1.22x 10! 1.64x 10* 0.17
9 21CO Ba-Be 1.72x 1072 5.80x 1074 -2.01
11 19 CO Ba-Be 1.45x 1072 2.63x 1074 -2.38
14 17 CO Ba-Bs 1.18x 10 6.45x 1072 —0.36
16 Thr-14 Q4 turna_g-side chaipa 7.43x 1073
17 Thr-14 O Be-side chaipa 3.02x 1072 4.65x 104 —2.47
18 59 CO 8-fe 2.35x 102 2.98x 104 —2.59
19 11CO Be-Ba 1.94x 101 3.25x 101 0.31
20 57 CO Be-Be 1.12x 1072 1.24x 104 —2.67
21 9CO Be-Ba 2.61x 102 3.15x 10 —-2.62
22 55 CO Be-Be 2.20x 102 3.15x 10 —-2.52
23 6 CO Be-Ba 2.59x 1072 4.67x 1078 -1.01
30 75CO 100p_c-fF 4.11x 1072 2.97x 1072 -0.19
31 3.04x 1072 1.26x 1072 —0.52
32 50 CO Be-Be 1.33x 1072 2.95x 1073 —0.89
33 73CO Be-PBr 1.39x 1072 1.58x 1074 —2.65
34 48 CO BePe 1.44x 102 1.63x 107 —-2.66
35 71CO BePr 2.31x 102 2.85x 1074 —2.61
36 46 CO Be-Be 2.18x 1072 5.06x 107 -2.23
37 69 CO Bo-PBr 2.74x 1072 5.07x 107 —-2.36
38 Asp-44 Q2 Pc-side chaig-c io0p 2.35x 107t 1.15x 10 —0.42
39 67 CO loop-c-f3F 8.08x 1072 5.24x 1072 —0.26
41 38CO loop-c-Bc 5.29x 1072 4.25x 1072 —0.13
46 36 CO Be-Be 1.63x 1072 2.12x 1074 —2.57
48 34CO Be-Be 1.62x 1072 2.41x 1074 —2.50
50 32CO Be-Be 2.40x 102 4.47x 10 —-2.36
53 2.63x 107t 4.89x 10t 0.37
56 5.31x 1072 3.26x 1072 —0.29
57 20CO Pefe 1.80x 1072 3.31x 104 —2.37
58 1.62x 10*
59 18 CO Pefe 2.05x 1072 2.60x 104 —2.59
62 16 CO loop-r-turna—g 2.56x 1072 3.80x 10+ —2.50
63 Tyr-68 OH tyrosine cornér 1.07x 10 4.78x 1072 —0.48
65 91 CO loope_r-extension 493 1078
66 Thr-90 Q1 Pe-side chaips 2.03x 1072 2.15x 10 —2.70
67 3.17x 10 2.02x 10t —-0.27
68 88 CO Be-fo 1.62x 10?2 2.10x 1073 —-1.21
69 37CO Be-fc 1.97x 1072 2.46x 104 —2.60
70 86 CO Be-Be 1.19x 1072 1.31x 10 -2.68
71 35CO BePe 2.42x 102 3.70x 10 —2.48
72 84 CO BrPa 1.50x 1072 1.34x 1073 —1.43
73 33CO BePe 1.70x 1072 2.29% 107 —2.55
74 Ser-81 0 Pe-side chaips-puige 3.11x 102 491x 104 —2.46
75 31CO Br-Pc 3.15x 102 5.83x 10°° -1.00
76 79 CO BePo 3.87x 1072 1.17x 102 —-0.71
79 76 CO Be-Br 1.31x 10! 9.36x 102 -0.20
81 74 CO Po-buigePE 1.97x 10! 1.39x 10t -0.21
84 72CO Be-BF 2.32x 102 4.39x 1073 -0.99
86 70 CO Bo-Br 2.46x 102 3.42x 1074 —-2.53
88 68 CO Bo-Be 2.74x 102 3.69x 1074 —2.55
90 66 CO Bo-Br 1.01x 1073
91 14 Ccd extension-turp_g 1.07x 10t

2 Hydrogen bond receptor identified from crystal structur® (® AAGe, was determined using eq 2The tyrosine corner is located in logp.
4 For residues 65 and 91, the putative H-bond receptor is identified (see Discussion).

The most reliable predictions of the effects of extension addition of the two new hydrogen bonds from position 91
on hydrogen bonding come from examining structures of in TNfn3;-g;. New long-range NOE cross-peaks from the
the linker region between individual domains. The structure Asp-65 amide to side chain protons of Thr-90 and Leu-92
of 4 tandem FNIIl domains 7 to 10 from human fibronectin and also from the Gly 91 amide to the Asp-15 side chain
(FNfn7—10) contains information on 3 such linke®0[. An protons (A. E. Meekhof and S. M. V. Freund, unpublished
alignment of the TNfn3.g structure 12) with these domains  data) are exactly those expected from this interpretation.
indicates that the C-terminal regions of FNfn8 and FNfn9  In summary, the stabilization effect of the two residue
are particularly similar (Figure 5). In both of these domains, extension seems to result from an increased and strengthened
the amide proton of the residue equivalent to position 90 in network of hydrogen bonds in the vicinity of the C-terminus.
TNfn3 makes a hydrogen bond to the carbonyl oxygen of Hydrogen bonds from sheet-1 to sheet-2 such as that from
the equivalent residue to position 66. In addition position 91 to 14 may be particularly important in stabilizing these
91 makes two hydrogen bonds, to position 14 in theBA edge strands. Sequence alignments of FNIII domains show
loop and position 65 in the EF loop. The hydrogen clearly that the conserved threonine at position 90 is the last
exchange data are consistent with the hydrogen bond fromresidue to pack into the FNIIl core. However, close
90 to 66 being significantly strengthened and also the examination of the four domain structure of fibronectin



8076 Biochemistry, Vol. 37, No. 22, 1998 Hamill et al.

A B C C' E F G

0.5 II II II II II II II

T . Ly e

__-05
= |
I& 9 F intermediate
o -1.5
3 lobal
< 2+ g

-2.5~

g b b b s b b e L

10 20 30 40 50 60 70 80 90
Residue

Ficure 3: Hydrogen exchange: values ANAG,,. Histogram showingAAG. values calculated for each protected amide from hydrogen
exchange rate constants of TNfng and TNfn3_g, at f’H 7.0. The sevep-strands are indicated at the top. Areas of local, intermediate,
and globally exchanging residues are indicated on the right.

Another factor which may influence TNfn3 stability may
be the location of the charged terminal carboxylate group in
an unfavorable buried environment (see Figure 5). Extension
by two residues would move this group to the solvent-
exposed surface. Experiments examining this possibility will
be published elsewhere (Meekhof et al., unpublished results).

Kinetics. Stopped-flow kinetic studies show that whereas
the folding rate of TNfn3 is little affected by extension, the
unfolding rate is slowed considerably (Figure 6). This
contrasts previous experimental evidence and theoretical
studies which suggest that intrinsic refolding rates of
homologous Fnlll domains will strongly parallel their
stabilities @1, 33. The plot of Ink, against [urea] is
significantly curved, and it is evident that the unfolding
amplitude does not reach 100% until unfolded3iM urea.
Thus, extrapolation of unfolding data © M urea, to obtain
kz'zo is problematic. This was overcome by combining the
data collected at 2%C with those extrapolated to 2& from
higher temperatures outside the transition region (Figure 2).
Figure 6 illustrates the combined data plot okljps against
[urea] which allows a value fok,* of 7.2 (0.3) x 105
f s™1 to be determined (Table 4).

n It is important to analyze kinetic data for evidence for
C C F G ' A B E accumulation of intermediates, which could be stabilized by
' __extension and made detectable. Several tests were employed,
Ficure 4: Hydrogen exchange: secondary structure. Schematic

showing the secondary arrangement of the sefestrands in which are descrlbgd In ‘?‘et"’?" preV|ou§M.( 33’. which show
TNfn3. The two sheets are separated by the dashed line, and théhat TNfn3 e, fO!dlng klnetlFS are §tlll'o'lescr|bed.by a two-
strands are labeled in the conventional FNIII manner underneath. state model. First, there is no significant deviation from

;rhe ﬁlmin% acid ﬁmd sequence ndu;nber arehshowr] in biggeLCirﬁlefSIinearity observed in the refolding region of Figure 6. Two
or all residues that are protected from exchange in one or both o i ; H,0
the two forms, both residues in tifesheet (closed circles) and in remaining tests are to derive values ™Gy~ andmo-n

residues the loops and turns (dashed circles). Arrows connect thefOM kinetic data (Table 4H)'o -Lhoe equilibrium: constant
protected amides to the hydrogen bond acceptor (those marked *derived from kineticsKy = k;?-/k,*", adjusted to account

have side chain acceptors). The three subclasses of exchange ayr the proline isomerization rate [which constitutes 6% of

indicated by different arrows. Locally exchanging residues are ; ; .
indicated by thin arrows; intermediate exchange by thick hollow the total refolding amplitude extrapolatenl @ M urea; see

- ; H,0
arrows; and the globally exchanging residues by thick bold arrows. Jackson and Fersht (1991)], gives a k"."ﬁ@DZ—N va]ue _Of
Dotted arrows represent amide protons which show no protection 6.68+ 0.04 kcal mott. Them-value derived from kinetics,

in TNfn3,-g but are protected in TNfn3e,. m¢ = RT(m, + my), is 1.23+ 0.03 kcal mot! M~1. These
values compare well with values derived from equilibrium

indicates that separation of individual FNIII domains may experiments (6.6& 0.18 kcal mot? and 1.26+ 0.05 kcal
hinge on residue 9230). Inclusion of this residue in the  mol-1 M~%). From folding data presented here and previ-
preceding domain allows the maintenance of the hydrogenously (11), a ¢+-value for the truncation of TNfn3 by two
bonding network surrounding the C-terminus, whereas it residues of 0.2 is calculated from both the folding and
should also be included in the next domain where the side unfolding data. This indicates, as might be expected for the
chain is often buried (Figure 5). terminus of a protein domain, that the extended region

e

T
p
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Ficure 5: Comparison of the C-terminal regions of truncated TNfggto FNIII modules from fibronectin. (a) Ribbon representation in

stereo of the eighth FNIII domain of human fibronectin (FNfn8); the sg8sstrands are labeled in the conventional manner, and the boxed
region indicates the C-terminal area shown (in the same orientation) in the remaining panels. (b) Stereo representation of the C-terminal
region of FNfn8. (c) Stereo diagram of the C-terminal region of FNfn9. (d) Stereo diagram of the C-terminal region of §{N&3. The

stereo diagrams show the three FNIII domains in the same orientation with-tBddop to the left, the C-terminal strand down the center,

and the E-F loop crossing behind. Hydrogen bonds are shown as dots between oxygen (white spheres) and nitrogen (dark gray spheres).
Residues involved in hydrogen bonds and their equivalents in TN§pa&re labeled. The side chains of the equivalent residues to position

92 in TNfn3,_o, are shown as ball-and-stick in (b) and (c); carbon atoms are represented as small light gray spheres. These structures
suggest that the side chain of residue 92 in TNfg@points out of the core and that the added backbone makes the equivalent hydrogen
bonds between the C-terminal strand and theBAand E-F loops which are shown in (b) and (c). The FNIIl domains are those from the
four-domain structure of fibronectir8Q). This diagram was produced using Molscrig8).
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Ficure 6: Extrapolated kinetics of folding. Urea dependence of
the natural logarithm of the folding and unfolding rate constants
of TNfn3;-g0 and TNfn3_g,. Open trianglesA) show the data for
TNfn3,-go [data taken from(11)]. The filled circles ®) indicate

the rate constants (5 determined by stopped-flow folding and
unfolding of TNfn3_g, at 25°C; open circles®) indicate unfolding
rate constants extrapolated from higher temperatures (Figure 2);
and crossesx) indicate values where the TNfp3, unfolding rate
constant is at less than 100% of the full unfolding amplitude. The
extension of TNfn3 has no significant effect on refolding but slows
unfolding considerably.

Table 4: Folding Kinetics of TNfn3.9o and TNfn3_g

TNfn31—goc? TNfn31-92
kazO (s 2.90+ 0.40 6.02+ 0.22
KO (1) 2.78 £0.27) x 1073 7.21 (£0.26)x 10°5
M (M) 1.41+ 0.02 1.55+ 0.03
m, (M) 0.45+ 0.01 0.52+ 0.01

@ Data from (1) reanalyzed with a linear fit to the unfolding data.

becomes stable after the major transition state for folding.
The ratiomp_+/mp_n [Wheremp_+ = RTm, (Table 4), and

is the mvalue on going from the denatured state D to the
transition state; andn,_y is the equilibriumm-value for
unfolding (Table 2)] measures the relative changes in
exposure to urea between the transition and natives state
and is thus an index of the position of the transition state on
the reaction coordinate34). The value ofmp_+/mp_y for
both TNfn3-g0 and TNfn3_g, is 0.7.

In summary, the broad features of TNfn3 folding are
maintained in the extended form, and the effects of extension
fit well to the two-state model proposed for its folding. The
extended region is not energetically important in the transi-
tion state for folding. The energy and position of the folding
transition state along the reaction coordinate, relative to the

7

Hamill et al.

Domain Boundary Selection StrategieRational domain
boundary selection can be crucial for structural stud®s (
In the case of modules such as TNfn3, the selection of a
single domain for study completely removes interactions with
other modules within the multimodular assembly. Truncation
can have unexpected consequences, which may or may not
be present in the complete assembly, such as introducing
substantial mobility, or simply compromising domain stabil-
ity. TNfn3 is reasonably stable and can fold and crystallize
if the domain boundaries selected are nonoptira), (but
less stable protein domains with similar truncations may not
fold at all. Structural alignments make it possible to make
reasonable predictions of domain boundaries. Our results
make it clear, however, that other factors, more difficult to
predict, may be important.

A strategy much like the one presented can be used to
correctly identify boundaries, using those predicted as a
starting point. Directed or random ‘dirty’ PCR can produce
many different domain lengths. Subsequent expression tests
can then be used as an approximate test of stability to select
clones to be assayed for thermal stability. This strategy can
proceed iteratively to identify the precise boundari@s (
Alternatively, several extra residues could be included for
safe measure after the predicted boundaries at each end. For
detailed structural analyses, initial characterization of each
domain boundary is worthwhile. TNfa3,is an ideal model
protein for use in studying the folding pathway of an FNIII
domain by protein engineering. The increased stability
should facilitate a mutagenic study of folding and stability.

CONCLUSIONS

Many biologically important proteins are made up of
independently folding modules. The stability of these
modules is affected by the presence of interactions with
adjacent modules4Q, 4. To study isolated modules,
boundary selection is clearly importar, (10. Incorrect
selection of the C-terminal boundary of TNfn3 by two
residues removes several long-range interactions which
contribute to the overall stability of th& sandwich structure.
This has local and global effects on stability and alters related
iophysical characteristics such as the unfolding rates,
ydrogen exchange kinetics, and overall flexibility of the
domain. Previous biophysical studies of isolated FNiIiI
domains have focused on domains of equivalent length to
TNfn3;-90 (11, 31, 41-46). The results presented here imply
that truncation can have a very significant effect on the
properties of a marginally stable domain whereas intrinsically
stable domains may be less affected.
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