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Abstract

Many of the protein fusion systems used to enhance the yield of recombinant proteins result in the addition
of a small number of amino acid residues onto the desired protein. Here, we investigate the effect of short
(three amino acid) N-terminal extensions on the equilibrium denaturation and kinetic folding and unfolding
reactions of the FK506-binding protein (FKBP) and compare the results obtained with data collected on an
FKBP variant lacking this extension. Isothermal equilibrium denaturation experiments demonstrated that the
N-terminal extension had a slight destabilizing effect. NMR investigations showed that the N-terminal
extension slightly perturbed the protein structure near the site of the extension, with lesser effects being
propagated into the singke-helix of FKBP. These structural perturbations probably account for the dif-
ferential stability. In contrast to the relatively minor equilibrium effects, the N-terminal extension generated
a kinetic-folding intermediate that is not observed in the shorter construct. Kinetic experiments performed
on a construct with a different amino acid sequence in the extension showed that the length and the sequence
of the extension both contribute to the observed equilibrium and kinetic effects. These results point to an
important role for the N terminus in the folding of FKBP and suggest that a biological consequence of
N-terminal methionine removal observed in many eukaryotic and prokaryotic proteins is to increase the
folding efficiency of the polypeptide chain.
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FK506-binding protein (FKBP) is a small (107 amino acid there is significant interest in the stability and folding of
residues) globular protein composed of five antiparallelFKBP due to the possibility of autocatalyzed folding (Egan
B-strands, an amphiphilia-helix, and three loops. There et al. 1993; Scholz et al. 1996; Veeraraghavan et al. 1996;
are no disulfides and all seven proline residues are in th#lain et al. 1998, 1999; Fulton et al. 1999).
trans conformation in the native state. The structure of the We are using FKBP as a model system to investigate how
protein has been determined to high resolution in severatonrandom structure present in the urea-unfolded state af-
forms by X-ray crystallography and NMR (Michnik et al. fects subsequent folding events. Specifically, we are using
1991; van Duyne et al. 1991, 1993; Meadows et al. 1993)an FKBP variant in which the single Cys at position 22 has
FKBP catalyzes peptidyl-prolydis-transisomerization and been replaced by Ala (C22A). This mutation has little effect
on the thermodynamic stability, structure, or chemical
mechanism of FKBP (Park et al. 1992), but allows us to
Reprint requests to: Timothy M. Logan, The Institute of Molecular Bio- perform reversible differential scanning calorimetry experi-
IF())?/aSr:C(g),sli:. 'f‘;ﬂdg‘dl?t?;i L(’g‘é‘grgg{ L%'ghassee’ FL 32306, USA; ema"-me_n.ts with minimal loss of protein (data not shown). To
Article and publication are at _http:/iwww.proteinscience.org/cgidoi/ faCilitate the purification of mutant proteins, we have gen-
10.1101/ps.14801. erated a fusion construct between a modified form of the
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pMALc2 plasmid vector and the FKBP C22A structural and gsgFKBP with that of C22A, as measured by changes in
gene. The modification adds eight histidine residueg (l  the intrinsic fluorescence of Trp59 as a function of urea
a 17-residue linker after the maltose-binding protein (MBP)concentration. All three proteins exhibit highly cooperative
gene and immediately preceding a thrombin proteolytic sitaunfolding transitions with an apparent lack of equilibrium
(Pryor and Leitung 1997), which replaces the less efficienunfolding intermediates, consistent with the behavior of true
Factor Xa cleavage site. Removal of the MBR-&ffinity  wild-type FKBP (Egan et al. 1993; Main et al. 1998). The
tag with thrombin leaves three additional amino acid resi-normalized integrated fluorescence intensity data were fit-
dues on the N terminus of the C22A gene. ted to a two-state model (equation 1) in which the native and

Many of the current plasmids used for expressing recomeompletely unfolded states are the only significantly popu-
binant proteins irEscherichia coliresult in N-terminal ex- lated conformations throughout the transition. These data
tensions of one or more amino acids because of the particfTable 1) provide an estimate of thevalue, which is the
lar restriction endonuclease sites used for cloning and fronconcentration at which the free energy for unfolding,
proteolytically cleavable or noncleavable affinity tags usedAG®,,, is zero, and of the equilibriumm-value, which is
to aid purification. These tags are generally innocuous to theelated to the free energy of transfer of the protein between
recombinant protein, and may even provide additional statwo solvents and is interpreted structurally as being propor-
bility and solubility (Davis et al. 1999). Here, we report tional to the change in nonpolar surface area of the protein
isothermal equilibrium denaturation and kinetic-folding exposed to the solvent upon (un)folding (Schellman
studies of two extended FKBP constructs. These data shot987a,b, 1994). As shown in Table 1, the equilibriam
that N-terminal extension has a small, but significant impactalues for gsmFKBP and C22A are nearly equivalent (1.65
on the thermodynamic stability. This result may be antici-kcal/molesM™* and 1.62 kcal/molesM, respectively), indi-
pated from the three dimensional structure of FKBP. How-cating that denaturation occurs between similar thermody-
ever, the extension has an unexpected and substantial effawmic states in the two proteins. On the other hand, the
on the folding kinetics and apparent folding pathway of thisequilibrium m-value for gsgFKBP (1.26 kcal/molesM) is
small, single-domain protein. We show that this effect hasconsiderably lower than the other two variants, indicating a
contributions both from the size and amino acid sequence déss cooperative unfolding transition and/or a slight change
the N-terminal extension. in the structure of the unfolded state.

We observed a B of 3.17 M urea for C22A, giving a
AG®,,; of 4.87 kcal/mole, which is slightly lower than val-
ues published previously for true wild-type FKBP (Egan et
The addition of three amino acids at the N terminus destadl. 1993; Main et al. 1998). In contrast, thespDfor
bilized the C22A variant of FKBP. Figure 1 compares thegsmFKBP and gsgFKBP were reduced to 2.69 M and 2.48
isothermal equilibrium denaturation profiles for gsmFKBP M urea, yieldingAG®,; values of 4.38 and 3.12 kcal/mole
at 30°C, respectively. In fact, the gsgFKBP construct was so
destabilized that the purification and cleavage procedure
had to be modified to increase the yield following thrombin
digestion. Interestingly, the Schmid group also observed a
destabilization (@, = 2.9 M urea) coupled with an in-
creased tendency for precipitation when FKBP was ex-
pressed with a sixteen residue N-terminal extension con-
taining a histidine tag (Scholz et al. 1996).

A structural basis for the decreased stability in gsmFKBP
was apparent from a comparison of 2B,**N correlation
experiments (Kay et al. 1992). Figure 2A shows the differ-
ences in chemical shifts of the backbone antideand**N
resonances between the C22A and gsmFKBP constructs,
and Figure 2B shows the location of the perturbed residues
in the native structure of FKBP. The largest differences in

[urea], M chemical shift are observed for residues V2, K35, S77, D79,
Y82, and G83. Except for V2, these residues are located in
Fig. 1. Isothermal equilibrium denaturation profiles for C22m; (solid the single-turn 3, helix and at the base of th@-shaped

line), gsmFKBP ¢; broken line), and gsgFKBPA(; dotted line) plotting loop connecting3-strands Il and IIl of native FKBP (red
fraction unfolded as a function of urea concentration at 30°C. Curves sho

the best fit of the data to equation 1. Each data point represents the avergéé”lns’ Fig. ZB)_‘ Smaller chemical shift differences are ob-
of at least two independent determinations. Equilibrium denaturation paS€rved for residues Q3, V4, 156, R57, W59-G62, and A95.

rameters resolved from the fitting are collected in Table 1. Residues 156—G62 are in the singléhelix, which is located

Results and Discussion
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Table 1. Equilibrium and kinetic parameters for C22A, gsmFKBP and gsgFKBP

Parameter C22A gsmFKBP Intermediate gsgFKBP
Dso (M) 3.17 (0.02) 2.69 (0.01) — 2.48 (0.08)
Mg (kcal/moleM) 1.65 (0.17) 1.63(0.04) — 1.26 (0.13)
AG®,; (kcal/mole) 4.87 (0.54) 4.38(0.11) — 3.12(0.34)
ke, (sec?) 0.014 (0.004) 0.054 (0.006) 0.162 (0.036) 0.007 (0.004)
m, (M™% 0.64 (0.05) 0.61 (0.02) 0.76 (0.08) 0.86 (0.09)
ke (sec?) 4.46 (0.50) 2.85(0.18) 3.64 (0.25) 2.73(0.28)
m; (M™) -1.29 (0.08) -0.97 (0.06) -1.74 (0.15) -0.74 (0.08)

Numbers in parentheses represent the error associated with a simultaneous fit of Equations 1 or 2 to three
independent data sets for the equilibrium and kinetic data, respectively. Kinetic data for Intermediate was
obtained from an independent fit to Equation 2 of the kinetic folding data for gsmFKBP from 0.35 to 3.09 M

urea.
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Fig. 2. (A) Magnitude of the chemical shift differenc&d, between C22A

and gsmFKBP. Hashed and solid bars represent the differeriédl iand

H shifts, respectively. The precision in measuring the observed chemical
shift value is limited by the digital resolution in thel and*°N dimensions

of the HSQC spectra (0.008 and 0.1 ppm, respectively, in HSQC spectra of
the two variants). The shift difference for residue V2 is off scal). (
Stereoview of FKBP generated by use of the 1fkj pdb file (Wilson et al.

above the plane of the five-strand@esheet, whereas Q3,
V4, and A95 are i3l and Bll, adjacent to the N terminus.
The NMR results suggested that steric contacts between the
gsm extension and residues adjacent to the N terminus were
the likely cause for the decreased equilibrium stability of
gsmFKBP relative to C22A. Because the gsgFKBP con-
| struct is further destabilized relative to gsmFKBP and
C22A, the steric interactions are not likely to arise solely
from the methionine side chain.
The three additional N-terminal residues strongly impact
the folding and unfolding kinetics of FKBP. As shown in
Figure 3, the folding and unfolding kinetics of C22A (solid
boxes) fit well to a two-state model over an extended range
of urea concentrations, in agreement with results obtained
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1995). The ligand and solvent molecules are not shown for clarity.Fig. 3. Chevron plot summarizing the kinetic data for C2# ¢olid line),
B-strands are in blue, whereas helical regions are in pink. The red ballgsmFKBP ; broken line), and gsgFKBPA(, dotted line). Curves repre-
indicate resonances that exhibit large chemical shift changes; green balient best fit of data at high and low urea concentrations to equation. 2. Each
indicate residues that experience smaller, but still significant chemical shiftdata point represents the average of three independent determinations each
changes in gsmFKBP relative to C22A. The N terminus is indicated as Nromprising the average of 15 individual kinetic traces. Kinetic parameters
B-strands are numbered consecutively starting from the right-most strandiere determined by using only the solid symbols. The open symbols rep-
in this diagram; the gsm extension is not shown. Figure generated by usesent kinetic data for gsmFKBR)(and gsgFKBP 4) near the equilib-

of Molmol (Koradi et al. 1996).

rium denaturation midpoint.
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on the true wild-type FKBP (Main et al. 1999). The served kinetic changes is not immediately apparent, and
gsmFKBP and gsgFKBP constructs also appear to fold anthechanisms proposed for intermediate formation must be
unfold via a two-state process at the extremes of urea comegarded as speculative at this stage. One potential source of
centrations (solid circles and solid triangles, respectively)folding intermediates in FKBP is the loop crossing (Mich-
Table 1 shows that the folding rate of gsmFKBP in thenik et al. 1991). Loop crossings are not commonly observed
absence of denaturant,kis [(40% slower than C22A (2.85 in antiparallel3-sheet proteins, but are thought to slow fold-
st vs. 4.46 5%, respectively), whereas the unfolding rate,ing and possibly generate kinetic folding intermediates
k°,, is more than three times faster (0.054¢s. 0.014 ',  when present (Richardson 1977; Ptitsyn and Finkelstein
respectively). The gsgFKBP variant folds with a rate similar1980). However, the loop crossing seems an unlikely source
to gsmFKBP (2.739), but unfolds more slowly than C22A for the folding intermediates observed here because wild-
FKBP (0.007 §%). The ratio of the unfolding and folding type FKBP and C22A, which contain this loop crossing, do
rates does not equal the equilibrium constant for denatumot exhibit kinetic folding intermediates on this time scale.
ation obtained from\G°®,¢ in each protein construct due, at  The observed folding intermediate must reflect a change
least in part, to the fact that the kinetic values reported hera how the N terminus packs into the rest of the protein in
do not account for subsequent kinetic phases occurring othe extended variant$-value analysis and molecular dy-
significantly longer time frames that are due to prolyl isom-namics simulations indicate that thfgesheet structure in
erization (Veeraraghavan et al. 1996; Main et al. 1999). FKBP is loosely formed in the folding transition state, in

We observed a more interesting effect on the folding andarticular with respect t@l (Fulton et al. 1999). Mutations
unfolding reactions due to the N-terminal extension wherto residue 17, which is at the C-terminal end@ifand near
the kinetics were measured near the midpoint of the equithe loop crossing, have a logw-value (0.1) compared with
librium denaturation. Specifically, the observed kinetic ratesmutations to V2, which is at the N-terminal end [®if (¢b-
of gsmFKBP in 1.0-3.0 M urea strongly depended onvalue of 0.5) (Fulton et al. 1999). Fractionaétvalues are
whether the reaction was initiated from the native or un-difficult to interpret structurally, but it is possible that the
folded states, as evidenced from the divergence in the cheW-terminal part of31 is more native like at the transition
ron plot in this region (Fig. 3, open circles). The additional state than residues at the C-terminal enddaf In other
kinetic phase observed in gsmFKBP refolding is characterwords, the N-terminal end o1, at the free end of the
ized by a faster rate of unfolding (top set of open circles)polypeptide chain, may form the initial contacts that lead to
than was observed for unfolding from the native state (botf3-strand formation, rather than strand formation starting
tom set of open circles) at the same urea concentrationsom the C-terminal end 0g81. Perhaps the three additional
(listed as Intermediate in Table 1). The gsgFKBP constructesidues at the N terminus of FKBP alter interactiorpbf
also deviates from the classical V-shaped chevron plot awith residues in the single-turn helix during folding. These
urea concentrations near the equilibrium denaturation midinteractions may force thig-strand to pack into the rest of
point, but the effect is less pronounced than in gsmFKBPthe protein via a different route, resulting in the formation of
The chevron plot for gsgFKBP resembles the superpositioma kinetic-folding intermediate.
of two chevron plots that intersect near the equilibrium de- Our results point to an important role for the N terminus
naturation midpoint for this protein (open and closed tri-in the folding of FKBP, which exhibits considerable se-
angles in Fig. 3). In general, nonlinearity on the unfoldingquence variability among FKBP homologs. Homologs such
arm of the chevron plot, that is, at denaturant concentrationas theE. coli SlyD (Hottenrott et al. 1997) and the MbFK
greater than the equilibrium denaturation midpoint, indi-from Methanobacterium thermoautotrophicyideno et al.
cates a broad transition state the changes slightly in re2000), lack the N-termingb-strand,B1 (using the nomen-
sponse to increasing denaturant concentration (Otzen et alature for the FKBP12). In these proteins, the N terminus
1999). On the other hand, nonlinearity on the low concenbegins in the loop connectirgfl andp4 in FKBP12, which
tration side of the denaturation midpoint indicates the for-presumably eliminates the loop crossing found in longer
mation of kinetic intermediate(s) on the folding pathway FKBPs. On the other hand, the FKBP domain from hsp56
(Parker et al. 1995; Raschke and Marqusee 1997). The digFKBP59) contains an additional 30 residues preceding the
continuity observed at urea concentrations near thgdd N terminus of FKBP12 (Craescu et al. 1996). These resi-
gsmFKBP and gsgFKBP, but not C22A FKBP, presents ardues form a small loop and a sh@xstrand that pairs with
extreme example of nonlinearity in a chevron plot. Evi- the strand that is structurally homologougtbin FKBP12.
dently, the C22A molecule folds and unfolds via a simplelnvestigating the folding and unfolding reactions of these
two-state mechanism, whereas the extended FKBP variantariants may provide additional insights into the role of the
do not. N terminus in FKBP folding.

The folding pathway of FKBP is not documented as thor- In conclusion, a three-residue extension on the N termi-
oughly as that of other proteins. Therefore, in contrast to theus of FKBP slightly alters the thermodynamic stability, but
thermodynamic results, a structural explanation for the obmore dramatically, alters the kinetic-folding pathway of the
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protein. Both the extension and its the amino acid sequencege. Samples for isothermal equilibrium denaturation were gener-
contribute to this effect. Like many proteins, the N-terminal@téd by adding the appropriate amount of protein to solutions

Met residue is not bresent in mature EKBP12 isolated fromcontaining the desired final urea concentration, and allowed to
P come to equilibrium at 30°C prior to monitoring the extent of

eukaryotic sources (Harding et al. 1988), and is also reynfo|ding by fluorescence. Urea concentrations were determined
moved when expressed recombinantly in prokaryotes (Starby measuring the refractive index of the solution (Pace 1986).
daert et al. 1990). In other words, translation of the FKBPIsothermal equilibrium denaturation was monitored by the change
cDNA results in a protein that is apparently too long by onein the intrinsic fluorescence of W59 (emission spectra) following
established protocols (Egan et al. 1993). Fluorescence intensity

residue at the N terminus. Methionine residues are fre\'/vas integrated from 310-500 nm and normalized to protein con-

quently removed proteolytically from polypeptide chains centration. The data were fit to a model that assumes a two-state

either co- or post-translationally (Bradshaw et al. 1998), andransition (Equation 1) by use of a Marquardt-Levenson algorithm

it is interesting to speculate about why the N-terminal Metimplemented inKaleidagraph.

residue of FKBP is removed. The N-terminal residue is

linked to the proteins in vivo half-life, as developed in the exp™(P1~[Plso/RT

N-end rule (Varshavsky 1996). Gly, the first residue in ma- 1= (o + Ba[DD) + (e + Bu[D]) 1 + exg™(P! - [Plso/RTY @

ture FKBP, is a stabilizing residue against proteolytic deg-

radation via the ubiquitin pathway, as is Met, so this cannoin this equation, derived from the linear extrapolation model (San-

explain the Met removal in FKBP. Instead, our data sug-oro and Bolen 1988k («y) andBy (B,,) are the intercepts and

gests that the N-terminal Met residue in FKBP, and perhapg!opes of the pre-(post)-transition baselines, respectively, D is the
denaturant concentratiom is the molar cosolvation free energy,

that of other proteins, is removed to stabilize the pl’Otemand D, is the denaturant concentration at which the protein is 50%

against d_enaturgtiorj gnd to improve the foldi_ng efficiencyin the native state. The free energy of unfolding in the absence of
by removing a kinetic intermediate on the folding pathway.denaturantAG®,,.,, was determined by

Materials and methods AG,,; = mDsg, 2

Protein expression and purification o ) )

i _ _ Stopped-flow kinetic folding and unfolding
The DNA fragment encoding the FKBP structural gene including
the initiator methionine was cloned into a modified pMALC2 pIaS- Stopped_ﬂow experiments were performed by use of a Kintec
mid by PCR. In the modified plasmid, the proteolytic cleavage sitesF-100 at 30°C. Folding and unfolding reactions were followed by
for Factor Xa was replaced with that for thrombin. In addition, aflyorescence emission selected by use of a 340-nm interference
spacer containing eight consecutive histidine residues was introfiter after excitation at 280 nm. Unfolding or folding were initi-
duced between MBP and the thrombin protease cleavage site #ed by diluting protein solution into unfolding or folding buffer
improve the separation of FKBP from the MBP carrier protein starting from native or unfolded protein, respectively. The kinetic
after cleavage (Pryor and Leitung 1997). Protein was expressed iffaces, averaged from 13-15 single shots, were fitted to a single
BL21(DE3) cells in LB medium, and induced by addition of 0.3 exponential term for the time frame between 50 ms and 1 sec. The
mM isopropylthiogalactoside (IPTG). After a 4-hour-expressionrate for each individual concentration below 2.0 M and above 3.0
period, cells were collected by centrifugation and lysed by passagg urea was fitted to a kinetic scheme that assumes a two-state
through a French pressure cell. The clarified lysate was loadegeaction in which the dependence of the unfolding and refolding

onto an amylose column. The fusion construct was eluted by usgstes are assumed to have a linear dependence on urea concentra-
of 10 mM maltose and cleaved with thrombin, using 1 unit/mgtjon,

fusion construct, overnight at 30°C, leaving an additional three-

amino-acid residue at the N terminus, Gly—Ser—Met (gsmFKBP). e D], L D]

After exchange into loading buffer (20 mM TRIS at pH 7.9, con- Kops = Kyexg™ P! + kiexp™P!. ©)
taining 500 mM NaCl and 5 mM imidazole), the cleaved sample

was applied to a Ni*-column, and gsmFKBP was collected in the In Equation 3, kf and k¢, represent the folding and unfolding rates
flow through. Trace MBP contaminants remaining after th&"Ni  in the absence of denaturant. The folding)(and unfolding ()
column were removed by purification over Q-Sepharose (pH 8.0kinetic mvalues, which are analogous to the equilibrimavalues,

in 20 mM TRIS containing 25 mM NaCl. A derivative of report on structural changes as the protein approaches the transi-
gsmFKBP was created in which the methionine residue was modition state from the native and unfolded states, respectively.

fied to glycine (gsgFKBP) by use of PCR. Purification of gsg-

FKBP was performed as described above except that cleavage was

performed on a smaller scale to maximize the reaction yield. C22AAcknowledgments
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