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Abstract

The serine protease subtilisin BPIS a useful catalyst for peptide synthesis when dissolved in high concentrations of

a water-miscible organic co-solvent such as N,N-dimethylformaitdéF ). However, in 50% DMF, thé&.,, for amide
hydrolysis is two orders of magnitude lower than in agueous solution. Surprisinglk.gh®r ester hydrolysis is
unchanged in 50% DMF. To explain this alteration in activity, the structure of subtilisin-8B%vas determined in 20,

35, and 50%(v/v) DMF to 1.8 A resolution. In 50% DMF, the imidazole ring of His64, the central residue of the
catalytic triad, has rotated approximately 1&0ound the B-Cy bond. Two new water molecules in the active site
stabilize the rotated conformation. This rotation places His64 in an unfavorable geometry to interact with the other
members of the catalytic triad, Ser221 and Asp32. NMR experiments confirm that the characteristic resonance due to
the low barrier hydrogen bond between the His64 and Asp32 is absent in 50% DMF. These experiments provide a clear
structural basis for the change in activity of serine proteases in organic co-solvents.
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Currently, there is significant interest in the behavior of enzymeshe structure of the active site of subtilisin in the presence and
dissolved or suspended in water with a high concentration of absence of an organic co-solvent.
water miscible organic co-solvent. In the presence of an organic Subtilisin BPN (EC 3.4.21.14 a serine protease froBecillus
co-solvent, enzymes can catalyze reactions that are thermodynaramyloliquefacienshas been used as a catalyst for large-scale pep-
ically or kinetically impossible in watefZaks & Klibanov, 1985; tide synthesi$Wong, 1989; Abrahmsen et al., 199The use of a
Kuhl et al., 1990; Stahl et al., 1990; West et al., 1980d can use  serine protease for peptide synthesis reduces the need for protect-
molecules that would not be substrates in watdomandberg ing groups and nearly eliminates the problem of racemization dur-
etal., 1978; Zaks & Klibanov, 1986, 1988; Gololobov et al., 1992;ing standard solid-phase peptide synthésgslls & Estell, 1988.
Tawaki & Klibanov, 1992. These changes in activity are particu- DMF is an ideal solvent because it both solubilizes substrates and
larly interesting for serine proteases. The serine proteases shoshifts the equilibrium away from proteolysis and toward peptide
decreased amide hydrolysis in co-solvents while their ester hydrasynthesis by reducing the availability of water and suppressing the
lysis activity changes little. Since both amide and ester hydrolysisonization of the amine nucleophile and the charged groups result-
reactions proceed through the same chemical mechanism, it isg from the hydrolysigSears et al., 1994
surprising that the two reactions would show such different de- Unfortunately, wild-type subtilisin is not stable in the concen-
pendence on changes in the solvent. In addition, it has been showrations of DMF necessary for peptide synthe&t$iong et al.,
that the ability of subtilisin to catalyze peptide synthesis is in-19913. Site-directed mutagenesis was used to create a series of
creased in the presence of organic co-solvents to a degree thatssbtilisin mutants, which solved this stability problem in DMF
difficult to explain based on the decrease in water concentratioriPantoliano et al., 1989; Wong et al., 1990; Zhong et al., 1991a;
alone(Sears et al., 1994To explain these observations, we have Sears et al., 1994 We have solved the structure of one of these
used protein crystallography and NMR spectroscopy to examinenutants, subtilisin 83971 (Kidd et al., 1996. This structure showed
that the basis for increased stability is due to the enhanced binding
of a calcium ion. Although subtilisin has been engineered to inac-
tivate more slowly than the wild-type enzyme, its maximal activity
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Table 1. Data collection and reduction statistics

411

Native 20% DMF 35% DMF 50% DMF

Unit cell dimensiond

a 41.56+ 0.01 41.57+ 0.04 41.67+ 0.08 41.57+ 0.06

b 79.53+ 0.04 79.67+ 0.02 79.62+ 0.04 79.70+ 0.07

c 37.25+ 0.02 37.22+ 0.02 37.23+ 0.02 37.18+ 0.06

B 114.48+ 0.04 114.13+ 0.04 114.27+ 0.04 114.24+ 0.08
Reflections collected 21,228 21,228 21,228 21,228
Reflections observet>20) 14,501 15,425 10,660 10,322
Resolution(A) 1.8 1.8 1.8 1.8
Crystals 4 3 3 3
R-merge (%) 11.3 6.2 7.3 8.2
Isomorphous difference(%)

20% DMF 8.7

35% DMF 15.6 12.8

50% DMF 15.8 16.8 5.2

aErrors are the standard deviation of the mean of all crystals.
PR-merge is2|l; — lyel/Zlae Wherej is a summation over all crystals.
“The isomorphous difference 3|Fiower omr — Fhigher omA = Fiower ome DMF with the summation taken over all common reflections.

Clearly, a structural study of this mutant in both environments isin the active site, the structures are very similar except in 50%
necessary to explain the changes in activity. Here we report th®MF (Fig. 1). As is expected for a serine protease, His64 interacts

refined crystal structures of subtilisin 8397 at 1.8 A in an aque-

with the other members of the catalytic triad, Asp32 and Ser221.

ous mother liquor and in mixtures of this mother liqguor with DMF. The hydrogen bond between Asp32 and His64 is particularly short
These structures show that the lower activity in DMF is due to a(2.65 A) and has been described as a low-barrier hydrogen bond in
conformational change involving the active site histidine. Dataa number of serine proteas@slarkley, 1978; Frey et al., 1994;
collection and data refinement statistics for the structures are listediobin et al., 1995 although this description is not universally

in Tables 1 and 2.

Results and discussion

Changes in structure due to DMF

In general, DMF has had little effect on the backbone and side
chain conformations between the four structures. The overall RM
deviation between the native and 50% DMF structures is 0.53 /—\h

Table 2. Refinement statistics

Native  20% DMF  35% DMF  50% DMF

Water molecules 90 65 147 229
Calcium ions 2 2 2 2
R-factor (%) 185 21.5 17.7 18.7
Bond length$ 0.012 0.010 0.011 0.012
Bond angle® 1.694 1.663 1.713 1.728
Mean B-factor (A?)

Main chain 18.94 14.01 2.61 4.57

Side chain 21.69 15.69 3.36 6.21

Overall protein 20.13 14.74 2.93 5.28

Waters 33.83 27.85 19.29 17.31

A-site calcium 20.57 20.40 2.01 5.20

B-site calcium 38.83 23.65 7.54 28.87
PDB code 1SBH 1YJA 1YJB 1YJC

acceptedAsh et al., 199Y. The strong interaction between Asp32
and His64 is responsible for shifting théNH resonance of His64
very far downfield in the NMR spectrurtMarkley, 1978; Frey
et al., 1994; Tobin et al., 1995; Halkides et al., 1996

When the catalytic triad of subtilisin 83971 in 50% DMF was
first examined, there was a noticeable rotation of the histidine
imidazole ring relative to the native structure. Initially, it appeared
$hat the ring of the 50% structure had rotated approximately 16
owever, the imidazole had also swung away from the side chain
of Asp32, lengthening the low barrier-hydrogen bond to normal
hydrogen bond length. In addition to this movement away from the
Asp32 side chain, two new ordered water molecules have appeared
near the His imidazole in the 50% DMF structyféig. 1B).

Since the critical Asp-His low barrier-hydrogen bond was dif-
ferent in the 50% DMF structure, a closer examination of all of the
key bonds in the active site was warranted. A total of five subtilisin
structures were comparéfig. 1A). In these structures, the aver-
age bond length between the Asp32 side-chain oxygen and the
His64 N5 is 2.65+ 0.04 A. In contrast, this hydrogen bond length
is 2.86 A for 8397 1 in 50% DMF(Fig. 1B). Two other conserved
hydrogen bond distances also show significant changes in the cat-
alytic site of the 50% DMF structure. The Aspd®to Ser33 N
distance, which averages 2.76 0.03 A for the five subtilisin
structuregFig. 1A), has decreased to 2.64 A in the 50% structure.
This motion causes the distance from a conserved water to the Asp
061 to increase from 2.66 0.04 A to 2.91 A.

From the change in hydrogen bond lengths shown in Figure 1,
it appears that the imidazole ring of His64 in the 50% structure

aThere are 1,943 nonhydrogen atoms in each of the structures. No DMA'&Y not have rotated 1@s originally thought, but approximately

molecules were detected in any of the electron density maps.
PRMS deviations from ideal values.

164. A reexamination of the 2, — F. maps(Fig. 2) and simulated
annealing omit-mapé&Fig. 3) was undertaken to help determine if
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the atom facing the oxygen of the Asp is now a carbon rather than

A N\ _Ser s . L . .
NH a nitrogen. The loss of this interaction should cause the signal for
3022002 His64 to shift upfield in a proton NMR spectrum. The position of
., H this peak in the NMR spectrum is dependent on the protonation
,0\ state of His64 Halkides et al., 1996 In the imidazolium form, the
/ H N61-H proton peak appears at approximately 18 ppm, while in the
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imidazole form the peak shifts to 15 pptHalkides et al., 1996
Both positions are substantially downfield from the other histidine
protons in serine proteases, which typically have resonances be-
tween 10-12 ppniAsh et al., 1997. To keep the enzyme in the
fully protonated state, one can either acidify the solution or to add
a transition state analog such as trifluoromethylket@ralkides

et al.,, 1996. We conducted experiments under both conditions,
with subtilisin 83971 dissolved in either a low pH pyridinium-
HCI buffer (pH 5) or a higher pH Tris-HCI buffefpH 7.5 with

5 mM Boc-Ala-Val-Phe-trifluoromethylketone, a known transition
state analog of subtilisin.

The spectra recorded from the low pH studies are shown in
Figure 4A. Both the imidazolé15 ppm and the imidazolium
(17.4 ppm N&1-H peaks are visible, indicating that the histidine is
partially deprotonated at this pH. The peaks are broad, and the
imidazolium is a bit more upfield than expected, perhaps due to
rapid exchange between the two states. Neither peak is visible in
the spectrum of subtilisin 83971 with 50% DMF added. The
peak is also greatly reduced in the presence of the trifluorometh-
ylketone inhibitor in DMF(Fig. 4B).

“Ser 33 Thermodynamics of the low-barrier hydrogen bond

) o . . . Both the crystallographic results and NMR spectrum are consistent
Fig. 1. Schematic diagram of the distanc@s angstroms between resi- . . . . . o .
dues of the catalytic triadSer221, His64, and Asp2A: Mean and  With qfllpped Confolr.matlon.for His64 in 50% DM.F- Two questions
standard deviations of hydrogen bond distances for the crystallographigemain: what stabilizes this altered conformation, and does this
model subtilisin 835QPDB code 1S0jl(Pantoliano et al., 1999subtilisin  altered conformation explain why subtilisin is less active toward
8397 (PDB code 1SBJ (Wong et al., 1990 and sublilisin 83971in 0,  amjde substrates in DMF while the rate of the reaction with ester
20, and 35% dimethylformamid€DMF). The short hydrogen bond dis- .

sybstrates is unchanged?

tance between the His64 and Asp32 side chains is conserved among seri . . . .
proteases. Mof His64 is the proximal nitrogen topof Ser221 and B is It seems strange that the charged side chain of His64 would flip
the proximal nitrogen to the Asp32 side chain. Both His64 nitrogens areaway from Asp32 in 50% DMF since electrostatic interactions are
shown protonated in this figure because the crystals were grown below théxpected to be stronger as the polarity of the solvent decreases. At
EKH of His Ne (pKq ~ 7) (Bachovchin & Roberts, 19788B: Distances = yna nH of the crystal structure and NMR experiments, we expect
etween water molecules and residues in part of the active site of subtlllsn}_| . . .
8397+1 in 50% DMF. The His64 imidazole is displayed with a confor- that both His64 and Asp32 are charged. It is possible that Asp32
mation that shows the ring rotated18C° around the bond between the becomes protonated in 50% DMF, but this seems an unlikely ex-
His64 Q3 and Gy atoms relative to the other three structures. In the 50%planation for the His ring flip since theig of the catalytic aspartic
DMF structure, there are two additional water molecules near His64.  5.id in serine proteases is unusually acititarkley & Ibafiez,
1978. In chymotrypsin, this K, is below 2 (Fersht & Renard,
1974). The close similarity of the overall structure of subtilisin in
50% DMF to that in an aqueous solution also argues against a
this ring-flip had actually occurred in the 50% DMF structure. Itis dramatic shift in the |, of Asp32. A more reasonable explanation
difficult to distinguish nitrogens from carbons at 1.8 A resolution; jnvolves the changes in the solvent structure observed only in the
however, there is a definite bulge in the density for the iN 50% DME structure.
Fig. 3B (50%) compared to the density ofddn Fig. 3A (native. Two new water molecules are observed in the active site of the
In addition, the S“ght bulge in density for thesldtom in the 0, 20, 50% DMF StructurdFig_ 2) These water molecules form hydro_
and 35% structures is not present in Fig. 3B. Instead, a slight bulggen bonds with the Blof catalytic histidine imidazole in the flipped
(above the plane of the rings present at the newd\position in  conformation. None of the hydrogen bonds formed by these waters
the 50% structure. These maps suggest that the increased electri@,nneany as short as the His-Asp bond in the native structure,
density for the nitrogen is due to a flip of the imidazole ring.  aithough a new short bond has formed between the Od2 of Asp32
and the backbone nitrogen of Ser33. There are several ways to
explain the thermodynamics of this structure. It is possible that the
new 2.64 A bond between Asp32 and Se(BR). 1B) is also a low
barrier hydrogen bond, which is energetically equivalent to the
If the side chain of His64 has flipped in 50% DMF, then the bond between His64 and Asp32 in the native structure. It is also
hydrogen bond between Asp32 and His64 should be broken singeossible that the free energy of the low barrier hydrogen bond in

NMR experiments confirm the conformational
change in 50% DMF
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Fig. 2. Stereoview of part of the active site of subtilisin 839 with electron density maps of catalytic histidine @¢. Native
structure.B: 50% DMF structure. Th&. and phases of theR2 — F. map(contoured at 1.2) were derived from the protein model.

062 of catalytic Asp32, M and Ne of catalytic His64, and § of catalytic Ser221 are labeled in both panels. The conserved water
molecule(black circle and the residues that tightly surround it are shown below Asp32. Two new water molecules that interact with
the His64 imidazole are shown B. This figure was generated with the programd@nes et al., 1991

the native structure is replaced by the two new hydrogen bonds iserine proteases methylsubtiligiihong et al., 1991band meth-

the active site in 50% DMF minus the cost of immobilizing two ylchymotrypsin(Wong et al., 1990 In these enzymes, the histi-
new waters. It is not easy to quantitate the free energy associatetine is methylated at thenitrogen. It has been suggested that the
with this second scenario due to the perturbations caused by DMpresence of the methyl group forces the ring to flip, so thatthe

in both hydrogen bond strength and in the entropy of immobilizingnitrogen becomes the catalytic base, and thus the protonated im-
a water molecule. idazole lacks stabilization by the catalytic aspartic acid residue
(Henderson, 1971; Byers & Koshland, 1978 ethylsubtilisin dis-
plays a large drop in amidase activiiyearly a 500-fold drop in

keat) but only a small drop in esterase activify-fold drop inkeay)

The conformational change between the catalytic His and SefZhong et al., 1991b This decrease is similar in magnitude to that
presents an explanation for the observed decrease in catalytic asbserved for subtilisin dissolved in high concentrations of organic
tivity in DMF. In order for the enzyme to catalyze substrate hy- co-solvent. In contrast to these cases where methylation causes the
drolysis, the histidine either flips back to the original conformation loss in stabilization by Asp32, in DMF the altered conformation is
or uses the nitrogen as a general base without stabilization by thestabilized by the new solvent structure in the active site.

active site aspartic acid residue. Thaiitrogen is a much more The results presented in this paper clearly show the structural
likely general base than thé& nitrogen due to the distance to basis for the observed decrease in amide hydrolysis of subtilisin in
Ser221. Using His64 as the general base without stabilization fronthe presence of high concentrations of an organic co-solvent. The
Asp32 is similar to the mechanism proposed for the modifiedanalysis shows that the solvent structure can be as important for

Changes in enzyme activity
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Fig. 3. Simulated annealing omit maps of catalytic histidine 64 of subtilisin 83Bih (A) 0% and(B) 50% dimethylformamide. For
both panels, the density comes fromf, 2 F. map withF. and phases derived from the model with omitted residues5 Asphere
centered around £of His64. Atoms i a 3 Ashell from 5 b 8 A were harmonically restrained to prevent them from migrating into
the omitted sphere. The contour level for both maps is1The density in both panels is overlaid against the unaltered modéls. N
and Ne of His64 are labeled in both panels.

activity as the protein structure. These results also show that theariant contained the following amino acid substitutions compared
techniques used to understand structfunection relationships of  to the wild-type proteirfPantoliano et al., 1989; Kidd et al., 1996
enzymes in agueous solvents can, with care, be used to understali@56Y, N218S, Q206C, G169A, N76D, and M50F. The purifica-
the unusual changes in reactivity displayed by enzymes in organiton of subtilisin 8397 1 was a modification of the procedure of
co-solvents. Carter and Well$1987), and it has been described elsewh&ears

et al., 1994; Kidd et al., 1996

Materials and methods
Crystal growth

Protein purification Subtilisin 83971 was crystallized by hanging drop vapor diffu-

Site-directed mutagenesis of 8397 to produce 83DTvas per- sion. The protein drop contained 5-10 /mg. protein, 5 mM
formed as previously describd&idd et al., 1996. The 83971 sodium cacodylate, 8.5%/v) PEG 3400, 8.5%v/v) 2-propanol,
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A His 64 His 64 Crystal soaks in DMF
imidazolium imidazole . .
NOI-H NoLH To determine the maximum amount of DMF that the crystals would

tolerate while still showing reasonable diffraction, a flow cell was

WWWWMWWWW constructed as previously describi@ktsko, 198p A large crystal

of 8397+1 was placed inside a capillary tube and wedged in place

by pipe cleaner fibers. A reservoir for the soak solutions was
attached to the capillary tube via Intramedic polyethylene tubing
r—— ot ’ (Becton-Dickinson, Parsippany, New Jersthat had been sealed
to the capillary tube with sticky wax. A waste reservoir was at-
tached in the same manner and positioned below the level of the
p-pm T 1'8 T ?6 T soak reservoir. The flow cell assembly was mounted on a preces-

sion camera. Soak solutions were flowed over the crystal in 10%
increments of DMF every two days. Approximately 20 mL of
solution went through the flow cell in 24 h. After each increase in
DMF concentration, the system was allowed to equilibrate for 24 h
and then a 60 min X-ray still photo was taken of the crystal. These
experiments showed that diffraction gets notably weaker when the
DMF concentration is at 40% and above. Diffraction was nearly
eliminated at 60% and the crystal dissolved at 70%.
For the DMF experiments, crystals of 8307 were transferred
to a glass depression plate containing one of the following DMF
soak solutions. For the 20% structure the soak solution was 20%
K (v/v) DMF (Aldrich, HPLC grade, 17% (w/v) PEG 3400,
100 mM sodium citratépH 5.6). For the 35% structure the soak
solution was 35%v/v) DMF, 17% (w/v) PEG 3400, 100 mM
sodium acetatépH 4.6). For the 50% structure the soak solution
was 50%(v/v) DMF, 17% (w/v) PEG 3400, 100 mM sodium
acetate(pH 4.6. All water had been removed from the DMF by
cis-urocanic acid storing it over 4 A, 18 in., 4-8 mesh molecular sieves. The plate
NOL-H was then sealed inside a sandwich box that had a 10 mL reservoir
of the soak solution. The crystals were soaked in the DMF solution
for 14 days before being mounted in quartz capillary tubes for
room temperature data collection.

cis-urocanic acid
31

integral
104.39
100.00

His 64
NOL-H

T T
18.5 18.0

X-ray data collection

T 7 integral

°
3

7.5
X-ray data were measured to a nominal resolution of 1.8 A for all

Fig. 4. NMR spectra which confirm the ring flip of His64 in 50% DMF. four DMF conditions(0, 20, 35, and 50%using a Molecular
ﬁ]:eﬁ&?dzgiﬁgfnr?l;ezoggemd '\?;1"3'_"'" g:a{kgo;retcgig}quiié?éitﬁm%rqh?;\?dthe Structure CorporationiThe Woodlands, Texasgour-circle diffrac-
histidine is partially deprotonated at this pH. The peaks are broad, and th%Ometer with a rotating anode. x-ray sourgeigaku operatlng a.t
imidazolium is a bit more upfield than expected, perhaps due to rapicPO KV and 150 mA. Cu k& radiation was monochromatized using
exchange between the two states. Neither peak is visible in the spectruagraphite crystal. Individual background measurements were made
of subtilisin with 50% DMF addedB: The spectrum recorded in the for all reflections. Data from different crystals were merged to-
presence of a transition state analog. Only the imidazoliufth-N peak ether using a set of 265 common reflections, which were mea-
is observable at 18.3 ppm. An external standard known to have a strong . . ’

downfield absorbance, cis-urocanic a¢ish et al., 1997 was included  >ured for each crystal as previously descridédnahan etal., 1967

in the sample to allow a quantitative comparison of the two spectra. ReThis common block of reflections was collected at the beginning
moval of the standardspectra not shownverified that no peaks were and at the end of data collection. A radiation damage correction
hidden beneath theis-urocanic acid peak. In the sample containing 50% (Fletterick et al., 1976was applied as a function of both time and

DMF, the area of the Bll-H peak diminished to less than 20% of the peak . . .
area in the buffer, and the small remaining peak was shifted slightly down-resomtlon using these reflections. The DMF data were scaled to

field to approximately 18.55 ppm. No peak was observed near 15 pprﬂhe aqueous data set using a single overall scale factor. Programs
in the DMF sample indicating that DMF did not simply cause the histidine for data reduction were written in the author’s laboratory.
to deprotonate.

Structure refinement

The starting point for the refinement of all four structures was the

high-resolution structure of subtilisin 8350 reported by Pantoliano
50 mM sodium citratépH 5.6). This drop was equilibrated against et al. (1989. All of the water molecules and calcium ions were
areservoir containing 17%wv/v) PEG 3400, 17%v/v) 2-propanol,  removed from this structure prior to refinement. All four structures
100 mM sodium citratépH 5.6. The initial volume of the protein  were independently refined from the starting model using X-PLOR
drop was 2QuL and the volume of the reservoir was 1 mL. These (Briinger et al., 1987 Simulated annealing was done in a single
crystals usually took 20 days to reach full size. round where the structure was heated to 3000 K and cooled in
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increments of 25 K. After each cooling step, 50 steps of moleculasubtilisin concentration of 1.5 mM. The final solutions were cooled
dynamics simulation were performed. The time step for each ofo 1°C where the spectra were collected. There is a substantial heat
these runs was 0.5 fs. Conventional positional Brfdctor refine-  of mixing for DMF/water solutions, so the DMF was added drop-
ment followed the simulated annealing refinement. For positionalwise with rapid mixing and cooling after each addition. The pH of
refinement, reflections withk > 2.00(F) and within the resolution  these final cooled solutions were measured with @AgCl elec-
range 17.0-1.8 A were used. PB+factor refinement, reflections trode calibrated at AC. The pyridinium-HCl and pyridinium-HgI

with F > 2.00(F) and within the resolution range 5.0-1.8 A were DMF samples had an apparent pH of 5.8 and 5.7, respectively,
used. The finaR-factor was calculated using the 5.0-1.8 A data while the Tris-HCI and Tris-HZIDMF samples both had an ap-
shell. Water molecules were located usirfg, 2= F. maps with a  parent pH of 7.5.

contour level of 1.2. Electron density peaks sometimes appeared

in the 2/, — F. maps as possible water molecules, but did not

reappear in the same position or at all after water had been adddeFknowledgments

to the structure. All such waters were deleted. Only waters thafye thank Lori C. Zeringue for her initial refinement results of new struc-

reappeared after further refinement and had temperature factotsres of subtilisin in DMF. We thank Neela H. Yennawar and Hemant P.
less than 60 Awere retained in the final model. Yennawar for helpful discussions and technical advice. This work was

Initially, calcium ions were modeled as water molecules. How-SUPPOrted by grants from the Office of Naval Resed@@IK.F. and C.-H.W.
NS . . and the NIH(G.K.F).
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